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Abstract  
Aseptic loosening, as a consequence of an extended inflammatory reaction 

induced by wear particles, remains the most common complication of total 

joint replacement (TJR), representing a major problem for the long-term 

success and survival of prostheses. Despite it is high incidence, in the last 

decade any therapeutic approach has been found to treat or avoid aseptic 

loosening, leaving revision as the only effective treatment for this condition. 

The local delivery of anti-inflammatory drugs to modulate wear-induced 

inflammation has been regarded as a potential therapeutic approach to avoid 

aseptic loosening.  

In this work, an anti-inflammatory drug-eluting implant model system was 

developed and characterised. The model system was obtained by attaching 

DEX to functionalised-TiO2 particles, through different synthetic routes: i) by 

covalently binding DEX to carboxyl-functionalised particles (amino or 

mercapto routes) or ii) by coating amino-functionalised particles using Layer-

by-Layer (LbL) technique. The chemical and physical properties of DEX-

loaded functionalised TiO2 particles have been determined and the release 

profiles investigated. Depending on the synthetic route, the DEX release 

period can vary from hours (amino, mercapto routes) to 3 weeks (LbL route). 

The model system was then tested for its cytotoxic and anti-inflammatory 

properties in a rapid and reproducible in vitro mouse macrophage-like cellular 

model, by utilizing murine RAW 264.7 cells. In this model lipopolysaccharide 

(LPS) was utilized to activate the Raw macrophages, resulting in the 

secretion of pro-inflammatory cytokines, including nitric oxide (NO) and 

tumour necrosis factor alpha (TNF-α), the suppression of which was utilized 

to investigate the anti-inflammatory effect of DEX released from 

functionalised-TiO2 particles. In vitro studies showed that DEX decreased 

LPS-induced NO and TNF-α production at non-cytotoxic concentrations, 

where DEX released from LbL particles showed the most effective 

suppression of inflammation for at least 2 weeks. Collectively, these findings 

show that the model system developed can be a potential therapeutic 

approach to avoid wear-debris induced aseptic loosening of TJR.  
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1. Introduction 

1.1 Total joint replacement (TJR)  
Like other parts of the body, bone becomes damaged or weakened by age, accidents or 

disease. Bone and joint degenerative and inflammatory diseases, such as arthritis affect 

millions of people worldwide. In fact, it is estimated that 8 million people in the UK 

(Hughes et al. 2010) and 27 million people in the US (Van Manen et al. 2012) are 

currently suffering from osteoarthritis. As can be seen in Figure 1 total joint replacements 

(TJR) are used as treatment for arthritic or damaged joints, providing pain relief and 

improving quality of life of patients with end-stage arthritis (Goodman et al. 2013, 2014; 

Takakubo et al. 2013). Likewise, data recorded between 2009 and 2017 revealed that 

osteoarthritis was the predominant diagnosis (>40%) for undertaken hip and knee TJR, 

followed by other diagnosis such as infection, aseptic necrosis of head and neck of femur 

and mechanical loosening of joint (National Joint Registry 2017, The NJR Editorial Board 

2016). 

Figure 1. Osteoarthritis and total joint replacement undertaken during 2016: (a) Hip 
and (b) Knee prosthesis, according to National Joint Registry (National Joint 

Registry 2017). 

Worldwide hip and knee replacement have become popular surgical procedures over the 

past decades (Cobelli et al. 2011, Hunt et al. 2014, Kurtz et al. 2007). In the United States 

(USA) more than 200,000 joint replacements are performed each year, where this 

number is expected to increase dramatically over the next 20 years (Issa & Mont 2013, 

Ulrich et al. 2008, von Knoch et al. 2010). The same trend was observed in United 

108,713 
procedures

101,651 
procedures
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Kingdom (UK), according to the last report of the National Joint Registry of England, 

Wales and Northern Ireland (National Joint Registry 2017), 890,681 and 957,739 primary 

hip and knee replacement were carried out, respectively between 2003 and 2017 

(National Joint Registry 2016). Furthermore, from 2015 to 2016 an increase of 3.5% and 

3.8% was recorded respectively for hip and knee procedures in England and Wales 

(National Joint Registry 2016).

1.2. Revision surgery  
Despite regarded as extensively applied and successful orthopaedic medical devices 

(Bauer et al. 2012, Goodman 2014, Goriainov et al. 2014) TJR are not exempt of 

complications. TJR have an expected average life span of 10-15 years post-surgery 

(Labek et al. 2011, Lee & Goodman 2008, Torrecillas et al. 2009). After that period, 

implants start to experience biocompability problems, causing complications to the 

patient i.e. long term-pain and functional problems (Goodman et al. 2014) which normally 

results in revision surgery. The numbers speak from themselves 8% (8417) of the hip 

and 6% (6194) of knee primary procedures undertaken in UK during 2016, resulted in 

revision surgery (National Joint Registry 2017). Of those recorded, aseptic loosening 

(42%, 41%), pain (7%, 10%), adverse soft tissue reaction (13%, 12%) and infection (5%, 

23%), were the most common causes, respectively for total hip and knee revision 

procedures. These statistics are particularly worrisome because due to the aging 

population, obesity, osteoporosis and increasing frequency of osteoarthritis, the number 

of revision surgeries is likely to increase (Mihalko et al. 2014, Ulrich et al. 2008). 

Moreover, the risk of revision surgery after hip or knee replacement has been related to 

patient age and sex.  Last year, an interesting study by Bayliss and co-workers (2017) 

showed the revision rate older than 70 years is 5% (both men and women). Whilst for 

patients in their early 50s, a rate of 35% and 15% was reported respectively for men and 

women groups (Bayliss et al. 2017). In addition, revision results in worse outcome than 

the primary procedure, thus resulting in more discomfort to the patient (Bhandari et al. 

2012, Vallés et al. 2013). All of this involves high healthcare costs, £80 million was the 

estimated expenditure for UK revision surgeries undertaken in 2015 (Kallala et al. 2015). 
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1.3. Aseptic Loosening 
By observing the above revision surgery statistics (1.2. Revision surgery), it is clear that 

among all causes, aseptic loosening was the most common indication for replacement 

surgery, in both hip (MacInnes et al. 2012, Ulrich et al. 2008) and knee replacement 

(Rozkydal et al. 2007, Schroer et al. 2013), accounting for more than 40% of all revision 

procedures (Goriainov et al. 2014). Aseptic loosening of the implant occurs as a 

consequence of an extended inflammatory reaction induced by wear particles, which 

normally results in severe bone loss i.e. osteolysis around the implant (Landgraeber et 

al. 2014). This wear particles, which are extremely small sized particles, normally arise 

from metal-on-metal bearings of TJR after a given period of usage.  

As can be seen in Figure 2, after osteolysis the bone around the TJR is not strong enough 

to fulfil the prosthesis functions leading the implant replacement i.e. revision surgery.

Figure 2. X-ray image of progressive acetabular osteolysis over 1.5 years (a), 
including 3D computerized tomography reconstruction demonstrating lesion and 
pelvic discontinuity (b). X-ray taken after surgery, no bone loss observed (c). 
Figure adapted from (Rajpura & Board 2013). 

In general, the degree of osteolysis and inflammatory reactions on bone tissue at the 

bone–implant interface will depend on the of wear particles features (e.g. morphology, 

size, material origin) released from the implant surface (Longhofer et al. 2017, Nine et 

al. 2014). Taking the wear material as an example, previous studies have reported that 

different levels of osteolysis were observed when animal models were exposed to 

different wear particles from different materials. Among all metallic particles showed the 

highest loss of bone density when compared to ceramic ones. 

So researchers worldwide have attempted to mitigate release of wear particles and 

consequent periprosthetic osteolysis by improving of surgical techniques such as the use 

of medullary plugs, cement guns, lavage of the canal, pressurization, centralization of 

the stem, and reduction in cement porosity (Holt et al. 2007). Another approach was to 

modify the bearing materials of implants (Gallo et al. 2013, Ryu & Shrotriya 2013). These 
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include the utilization of new implant materials such as highly cross-linked polyethylene, 

titanium and cobalt based alloys, polycarbonate-urethane (Holt et al. 2007, Nine et al. 

2014). Also the modification of implant surface with mechanical and chemical methods 

such as sol-gel, plasma spray, grit-blast, acid-etching, and electrochemical-anodization 

have been applied to mitigate the risk of osteolytic reaction (Dohan Ehrenfest et al. 2010, 

Goodman et al. 2014, Singhatanadgit 2009). Although some of them present 

disadvantages such as non-uniformity in thickness, lack of adherence to implant, and 

high processing temperature (Koju et al. 2017). In fact, some of them have even resulted 

in several adverse complications, for example, acid etching method may lead to micro-

cracks which affect physical integrity of the implant, or granules used on surface plasma 

spraying can detach from implant surface, causing damage on surrounding cells and 

tissues (Ganguly and Shokuhfar, 2013). Despite being considered one of the most 

common causes of revision surgery, currently there are no drug or effective 

prevention/treatment for aseptic implant loosening, leaving revision surgery as the only 

therapeutic option. In this context, a better understanding of the wear-debris induced 

inflammatory reaction that takes place at implantation site could facilitate the 

development of more safe and functional improved implants. 

1.3.1 Wear-induced inflammation: acute and chronic phase 
An innate acute host inflammatory reaction will arise immediately after device 

implantation, and consists of the response to inevitable tissue injury during device 

placements and the response to the material itself (Anderson & Cramer 2015, Lucke et 

al. 2015). This inflammatory response is considered a decisive event because it will help 

promote the tissue healing/recovery process and eliminate possible infections around 

implant. Although if prolonged for more time than necessary, inflammation may 

compromise the integration and biological performance of the implant (Bridges & García 

2008). On other hand, there are other factors that can lead to inflammatory response, 

especially in implants like TJR which are intended to remain in situ for the life span of 

the patient. For example, high levels of activity, and usage of TJR result on release of 

wear particles from artificial articulating surfaces, which are also thought to induce an 

inflammatory reaction around the implant (Cobelli et al. 2011, Rao et al. 2012). 

Regardless the cause i.e. wear-debris or tissue injury, biological events that characterize 

inflammation will be the same. In this sense, inflammatory response has been described 

as a complex reaction that comprises different phases (Figure 3), involving recruitment 

and activation of different cells (e.g. macrophages, fibroblast, osteoclasts), protein 

adsorption, and secretion of inflammatory mediator, among others (Bridges & García 

2008).The initial phase, lasting from minutes to days depending on the tissue injury, is 
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defined as acute inflammation. Then a later phase takes place i.e. chronic inflammation, 

where inflammatory reaction continues to develop (1-2weeks) even after tissue 

deposition occurs (Anderson et al. 2008, Bastian et al. 2011, Lin et al. 2014). In more 

detail, the initial acute phase is characterized by blood cells influx, such as short-lived 

neutrophils and monocytes, into the area surrounding the implant (Bridges & García 

2008). This response is initiated in response to tissue injury caused by TJR surgery, and 

aims to recover the tissue homeostasis (Lin et al. 2014). Whereas monocytes will 

differentiate into macrophages that will play a pivotal role during inflammatory reaction 

by engulfing foreign bodies i.e. wear particles, eliminating damaged tissue, cell debris, 

releasing cytokines and other important factors in the transition between inflammation 

and wound repair events (Lucke et al. 2015).  

Figure 3. The inflammatory response immediately after implantation, acute and 
chronic phase: time-scale, cellular interaction with implant surface and related 
biological events such as osteolysis.  
Inflammatory response comprises different phases, acute and chronic, involving recruitment and 

activation of different cells (e.g. monocytes, macrophages, osteoblasts, osteoclasts). The initial 

phase, lasting from minutes to days depending on the tissue injury and/or wear debris interaction, 

is defined as acute inflammation. Then if prolonged, acute phase becomes chronic, in this case 

inflammatory reaction continues to develop (1-2 weeks) even after tissue deposition occurs. 

Persistent chronic phase involves the continuous activation of macrophages, which consequently 

results in the overexpression of osteoclasts and down regulations of osteoblast. This is the main 

cause for bone erosion and loss around the implant, which is known as osteolysis. 

The subsequent chronic phase occurs when the “foreign material” cannot be eliminated 

by a normal homeostatic mechanism, resulting in a higher incidence and prolonged 
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activation of lymphocytes, monocytes and macrophages (Anderson et al. 2008, Buckley 

2011). In the worst scenario, chronic and dysregulated inflammation can lead to a fibrotic 

encapsulation of the implant, leading to increased bone resorption and hampered bone 

formation, thus seriously compromising implant function and even lead to implant aseptic 

loosening (Bastian et al. 2011, Lin et al. 2014, Ren et al. 2013). In this regard, both 

processes of acute and chronic inflammation play an important role in tissue healing 

post-implantation. Among others, the degree and duration of each inflammatory phase, 

acute or chronic, will depend on several factors, including the damage caused during 

implantation procedure, implant type e.g. material biocompability (Anderson & Cramer 

2015, Anderson et al. 2008) and also the type of wear-particles to be released (e.g. size, 

morphology) (Nine, et al., 2014).  According to previous studies, under favourable i.e. 

aseptic conditions and when the implanted material is biocompatible, acute and chronic 

inflammatory phases should  not last more than 2 weeks (Anderson et al. 2008). 

Therefore, the persistence of inflammatory events for more than 3 weeks, acute or 

chronic, normally indicates an unfavourable outcome, such as infection or osteolysis. It 

is important to highlight that the major problem out coming from this extended chronic 

inflammatory reaction, is that the continuous activation of macrophages will 

consequently trigger the formation of bone reabsorbing cells i.e. osteoclasts, exceeding 

the number of bone forming cells i.e. osteoblasts. In addition, it may also evoke 

osteoblasts apoptosis (Rick Sumner 2013). As can be seen in Figure 3., this 

overexpression of osteoclasts and down regulations of osteoblasts, leads to bone 

erosion and loss around the implant i.e. osteolysis (Beck et al. 2012, Ren et al. 2011a). 
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1.3.2 Biological mechanism and inflammatory mediators 
Recent studies (Aktan 2004, Lin et al. 2014, Ricciotti & Fitzgerald 2011, Wojdasiewicz et 

al. 2014, Zhang & An 2007) have demonstrated the presence of the different types of 

mediators during a wear-debris induced inflammation as summarized in Table 1.  

Table 1. Summary and description of relevant inflammatory mediators/markers. 
All crystal structures represented are from human origin molecules, except COX-
2 and iNOS which are murine-type and were taken from the Research Collaborator 
for Structural Bioinformatic (RCSB) Protein data bank (PDB) (www.rcsb.org). 

INFLAMMATORY MEDIATORS DESCRIPTION 
Tumor Necrosis Factor alpha 
(TNF-α) 

Earliest and key pro-inflammatory cytokine. As 

the initiator of inflammatory reaction, it amplifies 

and prolongs the inflammatory reaction by 

activating a series of inflammatory cells to release 

interleukins and cytokines. Including NF-kβ 

pathway activation, and production of iNOS, COX-

2, and PG2 synthase. 

Interleukin-6 (IL-6) IL-6 is a pro-inflammatory cytokine that is mainly 

secreted by activated monocytes and synovial 

fibroblasts. It Is a potent inducer of the acute phase 

response, and bone resorption; it is presence is 

highly correlated to osteoclast formation.  

Interleukin-10 (IL-10)  Anti-inflammatory cytokine, that act as potent 

immunoregulatory molecule by controlling the pro-

inflammatory cytokine response. Such as by 

repressing the expression of TNF-α, IL-6 and IL-1 

by activated macrophages. It has been proven to 

be involved in stimulating the synthesis of type II 

collagen and aggrecan. 

Nitric oxide (NO) and iNOS NO is reactive specie and important signalling 
molecule produced during inflammation, it 

modulates production of prostaglandins and, also 

increases the expression of COX-2 protein. It is 

biosynthesized by inducible nitric oxide synthase 

(iNOS) enzyme from L-arginine. Both NO and 

iNOS are expressed in activated macrophages. 
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Prostaglandin 2 (PG2) and  
COX-2 

PG2, local mediator occurred in the inflamed 

tissues leading to classic signs of inflammation: 

redness, swelling and pain. It is mainly 

biosynthesized by the action of cyclooxygenase-2 

(COX-2). Both are up-regulated at sites of 

inflammation. Their biosynthesis is blocked by 

nonsteroidal anti-inflammatory drugs (NSAISDs). 

On the other hand, several studies have been done to have further insight about the 

inflammatory response towards an orthopaedic device (Cherian et al. 2015, Cobelli et al. 

2011, Nine et al. 2014). As it can be seen in Figure 4, Immediately after implantation, 

within seconds, non-specific protein and biomolecules from blood plasma and biological 

fluids surrounding the implant tend to adsorb onto surface of the implant (Anderson & 

Cramer 2015, Anderson et al. 2008).This process is known as Vroman effect (Slack & 

Horbett 1995), and, being one of the first events taking place after implantation, it plays 

a crucial role on the subsequent cascade of inflammatory events (Bixler & Bhushan 

2012). The protein adsorption is a dynamic and competitive process, where the type, 

concentration, and conformation of surface-adsorbed proteins (e.g. fibrinogen, 

fibronectin) will be influenced by the surface chemistry and morphology of the implant 

such as surface charge, energy or hydrophobicity (De Jonge et al. 2008), but is also 

dependent on local surrounding environment i.e. pH, concentration of ions, strength and 

temperature). For example, several studies (Jäger et al. 2007, Lucke et al. 2015) have 

reported the influence of surface charge on the protein adsorption. In these studies, the 

ionic interactions were described as the driving force for protein unfolding and adsorption 

onto an implant charged surface. Since most of proteins present a negative surface 

charge, an implant with a positive surface charge would in theory promote protein 

adsorption.  

The adsorbed protein layer act as an interface that will define which cells i.e. bone, white 

blood cells and their precursors will subsequently approach the implant strongly affecting 

tissue healing around the implant (Anderson & Cramer 2015). For example, 

macrophages functions (e.g. phagocytosis, cytokine expression) and phenotype will 

depend on these layer of proteins adsorbed on implant surface (Bridges & García 2008, 

Zaveri et al. 2014). Subsequently, within minutes of implantation, the cellular response 

becomes predominated by immune cells such as neutrophils and macrophages at the 

host-implant surface. Otherwise, when wear-debris are present, primary immune cells 

are also recruited to inflammatory sites, so they can engulf these foreign particles. 
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Figure 4. Cascade of molecular and cellular processes that occurs following 
biologically release of wear particles resulting from the placement of orthopedic 
implants. 
Immediately after implantation starts the acute phase, where non-specific protein and 

biomolecules (e.g. albumin, fibrinogen) from blood plasma and biological fluids surrounding the 

implant tend to adsorb onto surface of the implant. Within minutes of implantation, the cellular 

response becomes predominated by immune-cells such as neutrophils and macrophages at the 

host-implant surface. Interaction of immune cells and wear particles, particularly macrophages, 

leads to activation of the factor nuclear-kappa β (NF-κβ) pathway. Hence, resulting in secretion 

of key immune-regulatory proteins, cytokines and chemokines (e.g. IL-family, TNF-α, NO), which 

will act as effective messenger molecules by controlling the duration and strength of immune 

response, including recruitment of tissue repair cells. Although when prolonged this acute 

phase/stimulus can trigger a chronic inflammation that normally results in bone loss around the 

implant i.e. osteolytic reaction.  

The immune cells response, which takes places within 48-72 hours, is considered to be 

the hallmark of inflammatory acute phase (Anderson & Cramer 2015). During the first 

days following implantation, short-lived neutrophils (24h-48h) are the predominant 

immune cells, then these cells are replaced by long-lived (up to months) 

macrophages/monocytes. Research studies regarding monocytes/macrophages has 

been increasing in recent years regarding orthopaedic medical devices implantation, 

such as TJR (Ingham & Fisher 2005, Linden 2012, Rao et al. 2012). In this context, 

macrophages are described as key elements in both inflammatory and tissue healing 

responses, acting as sentinels of body´s reactions that take place after devices 

implantation (Cobelli et al. 2011, Lucke et al. 2015). 
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More specifically, after wear particles interaction, macrophages secrete key immune-

regulatory proteins resulting from the activation of the factor nuclear-kappa β (NF-κβ) 

pathway (Figure 4). These immune-regulatory proteins, cytokines and chemokines have 

different roles (Goodman & Ma 2010): cytokines act as effective messenger molecules 

by controlling the duration and strength of immune response (e.g. IL-family, TNF-α,

colony-stimulating factor (CSF). On the other hand, chemokines are a special type of 

cytokines that are responsible for controlling the immune cell migration i.e. chemotaxis 

during the inflammatory response (e.g. monocyte chemoattractant protein, MCP-1). 

Moreover, upon stimulation with different cytokines and environmental stimulus, 

macrophages can either recruit more macrophages or change their phenotype (Getts et 

al. 2014). Macrophages have the ability to differentiate into distinct subpopulations, such 

as M1 and M2-induced macrophages (Lin et al. 2014, Solary 2012). Each type seems to 

play a different role during inflammatory response (Anderson et al. 2008, Porcheray et 

al. 2005), representing two extremes in the spectrum of the macrophages phenotype 

(Lampiasi et al. 2016). Classically activated M1 macrophages are responsible for 

phagocytosis and consequent release of pro-inflammatory cytokines. While M2-like 

macrophages are known for being involved in resolution of inflammation (Italiani & 

Boraschi 2014, Mills & Ley 2014), more specifically in wound healing and tissue repair, 

crucial processes to achieve a successful implant integration. Furthermore, it should be 

noted that although needed to resolve an inflammatory condition, macrophages 

prolonged and uncontrolled activation can trigger a chronic inflammation. Chronic 

inflammation, is a state in which acute inflammation, fibrosis and repair occurs 

simultaneously, and normally results in bone loss around the implant i.e. osteolytic 

reaction (Ingham & Fisher 2005, Lin et al. 2014). This reaction will mainly depend on 

wear debris features (e.g. size, morphology, texture), according to previous studies 

submicron sized (<1µm) particles are considered to be the most reactive (Rao et al. 

2012, Revell 2014). When macrophages cannot digest wear particles, more monocytes 

are recruited to site of inflammation, and according to the level of inflammation they 

release inflammatory mediators such as pro-inflammatory cytokines (e.g. TNF-α and IL-

1β), growth and differentiation factors (e.g. macrophage-colony stimulating factor (M-

CSF), receptor activator of nuclear factor kappa β ligand (RANKL).  Although the 

mechanism of macrophages/monocytes linage differentiation into osteoclasts (Figure 5) 

is still not clear, most of the studies (Bedke & Stenzl 2010, Goodman 2014, Kawai et al. 

2011, Takashiba et al. 1999) showed that when exposed to a combination of 

macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-

kappa β ligand (RANKL), macrophages have the ability to differentiate into pre-

osteoclasts (Solary 2012). 
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Figure 5. Differentiation of monocytes into osteoclasts and differentiated 
macrophages (M1 and M2) within exposure to chemokines and cytokines e.g. TNF-
α, Interleukins and M-CSF, that are released upon inflammatory stimuli.  

These pre-osteoclasts will eventually evolve to mature multinucleated osteoclasts which 

after cell polarization gain resorptive activity, thus playing central role in osteolysis and, 

in long term, in aseptic loosening (Lampiasi et al. 2016). In addition, macrophages not 

only promote osteoclasts formation but they are also capable of directly resorb bone 

themselves (Tamaki et al. 2008). Konttinen and co-workers (Konttinen et al. 2001) 

showed that macrophages expressing cathepsin-K, an enzyme involved on bone 

resorption, were found among the cells collected around loosened hip joint. These data 

suggest that besides contributing for the pathogenesis of the inflammatory response, 

macrophages also present an osteolytic potential by directly resorbing periprosthetic 

bone after being challenged by wear particles. Regarding bone formation, macrophages 

can also interfere osteoblasts formation; recent study (Ren et al. 2011b) reported that 

during wear-debris phagocytic process macrophages release high levels of reactive 

oxygen species that will affect the osteoblast progenitor cells and consequently the 

process of bone formation. One the reactive oxygen species release is nitric oxide (NO), 

which is a pro-inflammatory mediator released in high concentrations by activated 

macrophages (Sharma et al. 2007). It is known that NO impaired production results in 

undesired effects such vasoconstriction, tissue damage and septic shock (Bogdan 

2001). Previous studies have shown that NO is involved in inflammatory joint diseases 

(Bogdan 2001, Sharma et al. 2007), and its expression reflects the level of inflammation, 

thus providing a measure of the inflammatory response (Oh et al. 2012, Pinho et al. 

2011).  

1.3.3 Inflammation models 
As described in above sections (1.3.1 Wear-induced inflammation: acute and chronic 

phase,1.3.2 Biological mechanism and inflammatory mediators) aseptic loosening is 

caused by an unresolved and extended inflammatory response, which can occur due to 
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different causes such as tissue injury or wear particles release. Regardless the cause, 

biological events that characterize inflammation, will be very similar. In this context 

modulating inflammatory response has been a major focus in the design of novel 

approaches to avoid aseptic loosening. Following the development of novel anti-

inflammatory compounds and systems, it is then important to validate their action in a 

suitable model of inflammation.  

During the last decade different in vitro and in vivo models (Nine et al. 2014) to mimic 

wear-debris induced inflammation conditions have been applied to assess the anti-

inflammatory potential of novel compounds and systems. Relevant cells such as 

macrophages, osteoclasts and osteoblast have been utilized as in vitro models (Ingham 

& Fisher 2005).  As for in vivo models (Langlois & Hamadouche 2011), different species 

e.g. sheep, rabbits, mice have been used to test biological and mechanical parameters 

upon wear-debris stimulation. Particularly, monocyte/macrophage in vitro based-models, 

mainly due to key role that macrophages play in inflammatory response. Namely the 

macrophages ability to i) either recruit more macrophages or change their phenotype 

(Getts et al. 2014) ii) differentiate into distinct subpopulations, such as M1 (phagocytosis 

and release of pro-inflammatory cytokines) and M2-induced macrophages linked to the 

resolution of inflammation (Mills and Ley 2014; Italiani and Boraschi 2014), crucial 

processes to achieve a successful implant integration.  

Among macrophage in vitro based-models, inflammation has been studied in robust, 

rapid and reproducible in vitro macrophage-like model with exposure to the bacterial wall 

component lipopolysaccharide (LPS). Then, at specific time points (post-LPS activation), 

samples are collected for inflammatory markers analysis such cytokines and chemokines 

or interleukins; this has been observed for both in vitro and in vivo models of inflammation 

(Tweedie et al. 2009a). In this context, LPS-activated murine-like macrophages, Raw 

264.7 cell line have been described as a relevant in vitro model to investigate study 

inflammatory process and therefore test the effect of anti-inflammatory compounds and 

systems. Besides, it is efficacy on screening the potential anti-inflammatory activity of 

drugs and delivery systems has been already demonstrated in previous studies (Jeon et 

al. 2000, Yuan et al. 2013). Previous studies have shown the production of inflammatory 

cytokines such IL-6, tumour necrosis factor- α (TNF-α), prostaglandin (PG) E2, and 

reactive oxygen species such as nitric oxide (NO) on LPS-activated Raw 264.7 cells (Kim 

et al. 2012, Saxena et al. 2003, Sharma et al. 2007). The expression of those cytokines 

and chemokines on LPS-activated Raw 264.7 reflects the level of inflammation, and 

therefore provides a measure of the inflammatory response (Oh et al. 2012, Pinho et al. 

2011).  For assay purposes, some studies (Lee et al. 2013, Petruson et al. 2005, Pinho 

et al. 2011) have assessed the anti-inflammatory potential by measuring levels of 
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inflammatory cytokines on LPS-activated cells in presence of materials/compounds to 

be tested.  

From a cellular perspective, the signalling of cytokine metabolic pathway starts 

immediately after LPS exposition: when exposed to macrophages, LPS binds to the LPS-

binding protein (LBP), which delivers LPS to the CD14/TLR4 receptor complex (Sharma 

et al. 2007).  

Figure 6. Signalling pathway cascade involved in LPS-induced cytokines 
production in macrophages. Adapted from (Pedersen & Febbraio 2008). 
LPS is recognized by the innate immune system by binding to the TLR4 present on the surface 

of macrophages. Upon LPS binding, signalling proteins e.g. MyD88-associated kinase are 

recruited and common upstream activator e.g. IRAK1/4, TRAF6 of NF-κB and MAP kinase 

(MAPK) are triggered. Specifically, TRAF-6 mediates the activation of inhibitor of κB kinase (IKK) 

and triggers the phosphorylation-induced proteasomal degradation of IκB, and subsequent NF-

κB activation. Activated NF-κB and MAPK translocate to the nucleus and induce the transcription 

of pro-inflammatory genes (iNOS and COX-2), and respectively the secretion of numerous 

inflammatory cytokines, such as NO and TNF alpha. (Abbreviations: AP-1: activator protein-1, 

TLR4: toll-like receptor 4, MyD88: myeloid differentiation primary response gene 88; IRAK: 

interleukin-1 receptor-associated kinase; TRAF6: TNF receptor associated factor 6; MAPK: 

mitogen-activated protein kinase, ERK: extracellular signal-regulated kinase: JNK: c-Jun N-

terminal kinase; AP-1: activator protein-1).  

The signalling pathways are activated by TLR4 engage adaptor molecules such as 

myeloid differentiation primary response 88 (MyD88). MyD88 is essential through all the 

signalling process, such as the activation of mitogen-activated protein kinase (MAPK) 
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and the phosphorylation of inhibitor of kappaβ-kinase (IKK) (Li & Yang 2011).  This 

triggers a complex intracellular signalling cascade, including and nuclear translocation 

of nuclear factor (NF) kappaβ (NF-κβ) and of the activator protein-1 (AP-1) (Petruson et 

al. 2005). AP-1 and NF-κB have been classified as the master regulators of inflammation 

(Li & Yang 2011). Thus, coordinated actions of NF- κB and AP-1 propagate inflammation 

via promoting the transcription of numerous pro-inflammatory genes (e.g. inducible nitric 

oxide synthase enzyme (iNOS) and COX-2) and respectively of inflammatory mediators 

e.g. NO, and cytokines e.g. PGE2 and TNF alpha (Figure 6). 

Regarding NO production, the metabolic L-arginine: NO pathway is the central source 

for NO production in macrophages (Zamora et al. 2000). This metabolic pathway is 

triggered by the inducible nitric oxide synthase enzyme (iNOS). The catalytic activity of 

iNOS is mainly regulated by co-factors (e.g. NADPH) and by the availability of substrates 

such as calmodulin (Calm) and L-arginine. Then, iNOS utilizes the oxygen and electrons 

from NADPH to oxidize L-arginine into OH- L-arginine, which will be oxidized into NO 

(Bogdan 2001). As for TNF-α production, it has been reported in several studies 

(Bouwmeester et al. 2004, Sabio & Davis 2014, van der Bruggen et al. 1999) that it 

involves the activation of multiple groups of mitogen-activated protein (MAP) kinases 

family, such as: extracellular-signal-regulated kinases (ERKs); the cJun NH2-terminal 

kinases (JNKs); and the p38 MAP kinases (Figure 6). It is worth to note that the utilization 

of in vitro inflammation models, such as LPS-activated Raw 264-7 cells, are less-

expensive, simpler and provide faster results, when compared to in vivo models; making 

them ideal models to provide an initial pharmacological screening. Although it is 

important to recognize that these models have limitations. And in this sense the studies 

determined by in vitro cellular models should be further translated to in vivo models, 

which are more clinically relevant due to their similarity with human in terms of 

physiology, anatomy and biomechanics (Langlois & Hamadouche 2011). 
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1.4 Approaches to improve longevity/success rates of total joint 
replacement procedures 
Taking into account the dramatic increase of TJR revision surgeries, in both younger and 

more active patients (Kurtz et al. 2009), different approaches are being applied to avoid 

adverse post-operative outcomes such as pain, periprosthetic inflammation and 

consequent osteolysis around the implant.  One of the most common clinical practices 

is the drug-regimen that usually takes place after orthopaedic surgeries (Bhusal et al. 

2016). Normally patients go through, antibiotics and/or anti-inflammatory prophylaxis, in 

order to manage pain, prevent infectious and inflammatory conditions  (Ganguly, et al., 

2013; Popat, Eltgroth and Desai, 2007). As well as to promote integration of the implant 

with the natural tissue (Waldron et al. 2013). Particularly, the administration of anti-

inflammatory drugs in the post-operative period, and their beneficial effect on patients 

recovery are well described in other studies (De Oliveira GS Jr.; Almeida MD; Benzon 

HT;McCarthy RJ 2011, Holte & Kehlet 2002, Salerno & Hermann 2006). The main benefit 

of administrating anti-inflammatory drugs, is not the treatment of the osteolytic condition 

itself, but an attempt to avoid it by modulating periprosthetic acute inflammation (Hickey 

et al. 2002a,b). In theory, the administration of anti-inflammatory drugs, which can be 

classified as steroidal/corticosteroids and non-steroidal, will control the pain and the 

overproduction proteins, enzymes, and cells involved in the chronic inflammatory 

response (Dawes et al. 2011). Since in this study, the model drug (DEX) utilised is a 

corticosteroid this section will be focused on their anti-inflammatory mechanism of action. 

The benefits of corticosteroids administration have been extensively reviewed and their 

clinical efficacy demonstrated over the last decades (Barnes 2006, Baschant et al. 2013, 

Coutinho & Chapman 2011, Vandevyver et al. 2013). As reported by a previous study 

regarding knee replacement (Smith et al. 2006) a small single dose (16mg) of a synthetic 

glucocorticoid, DEX, was sufficient to reduce the C-reactive protein (CRP) levels by 50%, 

three days following the surgery. Recent studies (Huebner et al. 2014, Urbanska et al. 

2014) have reported that DEX has been locally released aiming to modulate the 

inflammatory reaction. These studies have demonstrated that DEX was able to suppress 

the activity of inflammatory genes and respective inflammatory cytokines and 

chemokines, including nitric oxide.  As can be seen in Figure 7, corticosteroids, such as 

DEX, suppress the multiple inflammatory genes that are activated in inflammation, 

mainly by reversing histone acetylation of activated inflammatory genes through binding 

of liganded glucocorticoid receptors (GR) to co-activators, and recruitment of histone 

deacetylase-2 (HDAC2) to the activated transcription complex. Alternatively  

corticosteroids can also interact with DNA recognition sites to active transcription of anti-
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inflammatory genes and then inhibit transcription of several genes linked to corticosteroid 

side effects (Barnes 2006, Vandevyver et al. 2013). 

Figure 7. Anti-inflammatory mechanism of action of corticosteroids, by 
suppression of activated inflammatory genes through signal transduction by their 
steroid receptor, the glucocorticoid receptor (GR). Adapted from (Barnes 2006)
Inflammatory genes are activated by inflammatory stimuli (e.g. LPS), resulting in activation of 

IKK2 (inhibitor of I-kB kinase-2), which activates the transcription factor NF-Кβ. A dimer of p50 

and p65 NF-κB proteins translocate to the nucleus and binds to specific κB recognition sites, as 

well as to co-activators, such as cyclic binding protein (CBP) or p300-CBP associated factor 

(pCAF), which have intrinsic histone acetyltransferase (HAT) activity. This results in acetylation 

of core histone H4, resulting in increased expression of genes encoding multiple inflammatory 

proteins. Glucorticoid receptor (GR) after activation by corticosteroids translocate to the nucleus 

and bind to coactivators to inhibit HAT activity directly and recruiting histone deacetylase-2 

(HDAC2), which reverses histone acetylation leading in suppression of these activated 

inflammatory genes. Besides corticosteroids, GR homodimers can also interact with DNA 

recognition sites to active transcription of anti-inflammatory genes and thus inhibit transcription of 

several genes linked to corticosteroid side effects. (Abbreviations: CBP: cyclic binding protein; 

LPS: Lipopolysaccharide; IKK2: inhibitor of I-kB kinase-2, NF-Кβ: nuclear transcription factor Кβ; 

pCAF:p300-CBP associated factor; HAT: histone acetyltransferase; GR: glucorticoid receptor; 

HDAC2: histone deacetylase-2; DEX: dexamethasone.)  

Moreover other studies have shown that DEX has also the ability of promoting 

osteoblasts differentiation (Tavakoli-Darestani et al. 2014) and down-regulating the 
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macrophages functions (Bridges & García 2008). Despite all the advantages of anti-

inflammatory drugs administration, normal doses of drugs are not effective delivered via 

conventional administration routes, leading to the administration of high doses which 

may cause several side effects in other tissues (Oray et al. 2016, Saag et al. 2008) 

including gastrointestinal bleeding and perforation, osteoporosis (Baschant et al. 2013) 

and even heart failure or myopathy (Sun et al. 2010, Zhang et al. 2015). 

In other words, anti-inflammatory drugs are efficient candidates from a molecular point 

of view, although when administrated via conventional routes, the cell-type specificity is 

lacking, thus demanding the utilization of high doses to achieve an in vivo therapeutic 

effect.  From the clinical point of view, there are already some drug delivery strategies to 

locally target joint inflammation in development (Evans et al. 2014), although 

intraarticular injection remains the method of choice for local therapeutic delivery (Allen 

et al. 2010, Wernecke et al. 2015). A recent study by Wernecke et al. (2015) showed 

that DEX intra-articular injection after an injury may prevent later cartilage damage and 

joint degeneration (Wernecke et al. 2015). For example, the standard approximate dose 

for intraarticular injection of a corticosteroid, such as dexamethasone sodium phosphate, 

is between 0.8-4 mg, depending on the joint size (MacMahon et al. 2009). Despite the 

clear advantages, there are several known contraindications to the corticosteroids 

injections, including intraarticular sepsis, intraarticular fracture, and joint instability 

(MacMahon et al. 2009). Other approaches, such as bone grafts and bone grafts 

substitutes have been applied to restore bone loss during osteolytic reaction (Dattani 

2007), however these can only be applied when bone defect is moderated. A revision 

study regarding hip replacements (Pierson & Harris 1994), reported that the utilization of 

new cemented femoral components helped to reduce periprosthetic osteolysis, where 

only 7% of the patients showed osteolysis 8.5 years later. Moreover, gender-specific 

sizing of implants and utilization of more effective bearing surface have also been 

employed (Mihalko et al. 2014). Recent studies to treat osteolysis have been dedicated 

administration of bisphosphonates and anti-cytokines, or gene therapy (Landgraeber et 

al. 2014, Ren et al. 2013, Talmo et al. 2006).  Results obtained are promising however 

the in vivo efficacy of most of these approaches has yet to be proven (Goodman et al. 

2013, 2014). 

Altogether, the approaches described in this section have shown some significant 

improvements, although at the same time they produce high incidence of early and late 

complications, leading to the conclusion that no effective solutions for osteolysis has yet 

been found in the last decade. Therefore better approaches to modulate inflammatory 

response developed post-device implantation are needed to maintaining a balance 

between inflammatory response and effective recovering and tissue healing process (Li 
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et al. 2015). With this aim, improvements in materials and implants designs are being 

developed to improve the current limitations (e.g. periprosthetic infection, wear-debris 

induced inflammation, poor osteointegration) affecting the longevity of TJR. Thus, 

maximizing the in vivo performance of the implant, and of course avoid aseptic loosening. 

These includes the utilization of passive (e.g. non-biofouling coatings) or more active 

approaches such as the local delivery of anti-inflammatory agents, which are going to be 

addressed on the next chapter. 
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1.4.1 Anti-fouling coatings 
Over the past years, the design of orthopaedic devices has primarily focused on the 

improvements of mechanical properties and function of the implant (De Jonge et al. 

2008, Goodman et al. 2013).  The goal relies in achieving device stabilization by 

promoting a more robust tissue healing response and osteointegration i.e. direct bond 

with adjacent bone at the implant site (Koju et al. 2017). Consequently, the patient will 

have an earlier rehabilitation and faster functional recovery.  

For instance, biocompatible coatings, known for evoking a reduced host response, are 

currently an option to improve the bio-integration of medical devices after implantation. 

Ideally an implant coating besides being non-toxic, mechanical and chemical stable 

(Bridges & García 2008). It should also avoid additional tissue injury and ensure effective 

device-tissue communication; and preferably present a surface to minimize non-specific 

protein adsorption i.e. biofouling and inflammatory/immune cell adhesion that would 

exacerbate the foreign body response (Zhang et al. 2014a). Among the foreign body 

response events, protein and leukocyte adsorption process i.e. bio-fouling is one of the 

first events taking place soon after implantation, thus playing a crucial role on the 

subsequent cascade of inflammatory events (Bixler & Bhushan 2012). For this reason, 

the utilization of the so-called anti-fouling coating, which are know for minimizing the 

adsorption of non-specific protein, cell have been the subject of much interest and 

extensive research within the last few years. In terms of TJR, the aim is to diminish the 

extension of an inflammatory response or at least avoid the adverse fibrotic 

encapsulation of the implant, that is known for impairing the implant function (Bixler & 

Bhushan 2012, Bridges & García 2008).  

Among all, polyethylene glycol (PEG) has been one of the most studied anti-fouling 

coatings (Banerjee et al. 2011); when grafted to a surface this hydrophilic polymer has 

demonstrated to be a impair specific proteins and bacteria adhesion, mainly due to its 

ability of retaining interfacial water molecules. More details regarding PEG utilization as 

anti-fouling strategy can be found in the excellent review published by Banerjee et al.

(Banerjee et al. 2011). Other studies (Zhang et al. 2014a,b) have also demonstrated that 

other polymers such as heparin, chitosan and hyaluronic acid can be utilized as anti-

fouling coating in orthopedic field to improve the performance (e.g. implant surface 

osteointegration, bone regeneration) of orthopedic devices (Singhatanadgit 2009, Tejero 

et al. 2014). The reactive groups (e.g. amino and hydroxyl) present in the polymeric chain 

have been used to bind these biopolymers to orthopedic metal implants surface (Chiang 

et al. 2012). For example, chitosan coatings, due to its cationic nature are reported to 

attract negative charged cytokines and growth factors, promoting cellular attachment and 

support the formation of natural extracellular matrix (EM), which are crucial factors for 



20 

bone healing (Bosco et al. 2012, von Wilmowsky et al. 2014). Also fibronectin, a non-

collagen and natural occurring protein that contains in its structure the peptide sequence 

arginine-glycine aspartic-acid (RGD), has been widely used to facilitate adhesion and 

spreading of osteogenic cells (Lieder et al. 2012) to a variety of implant surfaces, 

including titanium (Middleton et al. 2007). Additionally, other studies reported the 

utilization combination of different bioactive compounds to form a coating with anti-

inflammatory properties. Li et al (2014)  assessed the co-immobilization of heparin and 

fibronectin in order to improve biocompatibility and anti-inflammatory properties of 

titanium surface (Li et al. 2014). Results obtained from in vitro macrophage culture, 

including TNF-α (pro-inflammatory cytokine) production, suggested that the co-

immobilization of heparin and fibronectin complex improves the anti-inflammatory 

properties of untreated titanium surfaces. 

More recent review (Koju et al. 2017), highlights the utilization of orthopedic implant 

coatings using the “ old biomimetic technique” with some interesting modifications. The 

main advantage of this technique is that coating is applied onto the implant surface under 

biomimetic conditions under favorable physiological conditions by using different 

compositions of simulated body fluid (SBF) (medium pH of 7.4 at 37ºC). As a result, a 

bone-like calcium deficient carbonated hydroxyapatite coating is formed on the implant 

surface, which is especial beneficial to form a direct bond with the adjacent implant bone. 

Regarding the approaches utilised to coat the implants surface it should be noted that 

despite extensive research efforts only a few techniques have made it to clinical trials 

and respective commercialization (Bosco et al. 2012). In fact, most of the techniques are 

still in the early-clinical phase. Determining factors such as coating adhesion, cost-

effectiveness and high costs related to upscaling limited the utilization of various novel 

surface engineering techniques 
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1.4.2 Anti-inflammatory drug-eluting implants  
The systemic drug delivery approaches i.e. drug is administrated via the circulatory 

system to accomplish anti-inflammatory effect have been shown in the above chapter 

(1.4 Approaches to improve longevity/success rates of total joint replacement). 

In this chapter, the local delivery strategies reported in the last decades and their 

numerous recognized advantages are reviewed (Figure 8). Local drug delivery is a more 

direct and site-specific manner to modulate inflammatory response, and in general it 

implicates the utilization of active surface containing anti-inflammatory agents such as 

drugs or biomolecules (Luo et al. 2011, Ma et al. 2016, Urbanska et al. 2014). Mainly 

this approach instigates more efficient therapies with significantly reduced side effects 

for patients. 

Figure 8. Summary of the advantages of local drug delivery strategies over 
systemic drug delivery, and examples of some approved local-drug delivery 
products. Adapted from (Wu & Grainger 2006). 

In the last few decades, drug-eluting implants have emerged as an advantageous 

alternative to traditional systemic drug administration for a broad range of clinical fields 

(Santos et al. 2014). This concept relies on the utilization of drug delivery systems 

incorporated on the implant, i.e. drug-eluting implants, capable of locally delivering the 

different drugs, including anti-inflammatory ones (Bhusal et al. 2016, Chung et al. 2015, 

Wang et al. 2013, Zhang et al. 2014a). The first drug eluting system to be developed was 

hormone pellets, which were implanted under the skin of livestock, aiming to improve 

their growth and make production more efficient (Santos et al. 2014). Regarding 
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periprosthetic inflammation treatment, the developed drug delivery system should 

modulate the inflammatory response in way that, a balance between inflammation and 

repair must be achieved to ensure successful tissue healing around the implant. Mainly, 

an ideal system will initially modulate acute inflammation, avoiding this way chronic 

inflammation and thus successfully starting a reparative wound healing phase (Goodman 

et al. 2013). The utilization of drug delivery systems provides several advantages apart 

for the drug entrapped per se (Dawes et al. 2011, Erdemli et al. 2014, Pioletti 2008), 

such as; (a) the drug is rapidly and effectively available at peri-implant bone overcoming 

limitations of systemic delivery; (b) reduction of the amount of drug needed to achieve 

therapeutic effects, decreasing the potential side-effects of the drug (Lopes et al. 2013, 

Sun et al. 2010), among others (Anselmo & Mitragotri 2014). 

In medical field, the utilization of drug/device combination products has been growing, 

products such as drug eluting-cardiovascular stents (Zhang et al. 2015), ocular implants 

(Feng et al. 2014), scaffolds and insulin pumps (Vallejo-Heligon et al. 2016) More 

detailed reviews regarding drug-eluting devices for orthopedic applications can be find 

in the literature (Goodman et al. 2013, Koju et al. 2017, Lyndon et al. 2014). From all 

these, cardiovascular eluting drug-stents to prevent restenosis, and drug-eluting 

implants to prevent infection in orthopedic and dental application are the ones which 

have been showing more approved products (Dangas et al. 2010, Gutowski et al. 2014). 

Recently, FDA approved a DEX intra-vitreal eye-implant, OZURDEX ® that is able to 

provide an extended 3 months drug release, avoiding the frequent need of DEX 

injections (Haller et al. 2011). Although, corresponding to the orthopedic applications, 

most of the studies on drug delivery systems have been performed for targeting infection 

(Moskowitz et al. 2010, Taha et al. 2013), such as bone cements associated with 

antibiotics or by simply immobilizing antibiotics onto implant metallic surfaces (Hickok & 

Shapiro 2012, Lyndon et al. 2014). Other biomaterials such as phosphate cements, 

hydroxyapatite, chitosan and poly (lactic-co-glycolic acid) have been prepared into 

different forms e.g. granules, matrices, coatings, foams, hydrogels, membranes, 

sponges) to be used to develop drug-eluting implants for bone related applications 

(Lyndon et al. 2014, Santos et al. 2014).  For instance, Mendez and co-workers (Mendez 

et al., 2004) reported the study of an injectable bone cement formulation as a potential 

carrier of anti-inflammatory drug model, fosfosal 2-(Phosphonooxy) benzoic. Results 

demonstrated a local release of fosfosal from PMMA-Bioactive glass cement that could 

eliminate the need of anti-inflammatory drugs systemic administration, although further 

in vitro and in vivo studies are needed to prove this theory. Likewise application of 

nanotubes as anti-inflammatory delivery systems have been extensively reported in 

literature (Doadrio et al. 2015, Minagar et al. 2012). These systems have clearly shown 
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several advantages in orthopaedic applications such as in vivo and in vitro biological 

activity in terms of osteoblasts attachment, proliferation and differentiation (Das et al. 

2009, Sobieszczyk & Klotzke 2011) and anti-inflammatory activity per se (Luo et al. 

2011). Also the utilization of dendrimer-conjugates stand out as particularly promising 

system to modulate inflammation, mainly due to the possibility of achieving a high drug–

loading and a controlled release profile into the site of periprosthetic inflammation 

(Caminade & Turrin 2014, Gillies & Fréchet 2005, Wu et al. 2015). Some examples 

regarding utilization of anti-inflammatory delivery systems with potential application in 

the orthopedic field are summarized in Table 2. 

Table 2. Anti-inflammatory delivery systems with potential application to 
orthopedic field.

Anti-
Inflammatory 

Agent 

Delivery 
System 

In Vitro/In 
Vivo Assay 

Anti-
Inflammatory 

Effect 

Reference 

Curcumin Exosomes Raw 264.7 

macrophage 

cell line 

Inhibition of IL-6 

and TNF-α 

when compared 

to curcumin 

alone 

(Sun et al. 

2010) 

Dexamethasone 
(Dex) 

Polylactic-co-

glycolic acid 

(PLGA) 

microspheres 

Simian Virus-

immortalized 

Human Fetal 

Osteoblast 

(SV-HFO) 

cells 

Promoted 

osteoblast 

differentiation  

and matrix 

mineralization, 

when compared 

to free drug. 

(Dawes et 

al. 2011) 

Erythromycin 
(em) 

Poly(amidoa

mine) 

dendrimer 

(PAMAM) 

LPS-activated 

Raw 264.7 

macrophages 

cell line 

Inhibition of 

inflammatory 

marker i.e. nitric 

oxide 

concentration 

(NO) (~65mM) 

when compared 

with cells 

(Bosnjakovi

c et al. 

2011) 
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treated with free 

EM (~85mM). 

Dex N-(2-

hydroxypropy

l) 

methacrylami

de (HPMA) 

co-polymer 

Murine 

calvaria model 

Single injection 

of Dex-

conjugated-

HPMA had the 

same 

therapeutic 

effect 

i.e.osteolysis 

attenuation as a 

daily Dex 

administration  

(Wang et al. 

2007)  

Fluvastatin Polylactic-co-

glycolic acid 

(PLGA) 

microspheres 

Rat tibia model Transdermal 

injection 

enhanced 

formation and 

mechanical 

properties of the 

bone around 

titanium implants 

when compared 

to free drug. 

(Masuzaki et 

al. 2010)  

Dex Rosette 

nanotubes 

Osteoblast cell 

line  

DEX released 

from nanotubes 

increased 

osteoblasts 

density (3400 

cells/cm2) when 

compared to 

free DEX (2800 

cells/cm2). 

(Chen et al. 

2011)  

One of the requirements for these systems is that the drug release should be controlled 

and reproducible in order to avoid a toxic level or an inefficient level of therapeutic 

concentration (Ginebra et al. 2012). Moreover anti-inflammatory drug delivery systems 

must be able to modulate inflammatory reaction, but at the same time allow the bone 

growing/tissue regeneration in order to promote the implant osteointegration (Bridges & 
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García 2008). A recent study reported that diclofenac sodium-incorporated in PEF 

scaffold successfully inhibited PGE2 production and therefore COX-2 pathway. Although 

efficient in the treatment of acute inflammation, the inhibition of COX-2 also hampered 

the processes involved in bone regeneration and fracture healing (Sidney et al. 2015). 

In this case the anti-inflammatory delivery system does not respect the balance between 

inflammatory response and bone growth around the implant (osteointegration), making 

it unappropriated for orthopaedic application.  

A potential approach to improve the design of these anti-inflammatory drug-delivery 

systems might be based on the physiological environment of inflammatory events. 

Recently it was reported (Chung et al. 2015, Rajamaki et al. 2013) that during 

inflammation, the pH in joints may reach 6.6. This so called “local acidosis” during 

inflammation, is a result of infiltration and activation of inflammatory cells in the tissue, 

leading to increased oxygen and energy demand, enhanced glucose consumption and 

thus increased secretion of lactic acid. In patients with arthritis the synovial fluid pH was 

reported to had average pH range of 6.8-7.1, compared with a pH range of 7.4-7.8 

observed in healthy synovial fluid (Cummings & Nordby 1966, Fan et al. 2012, Jebens & 

Monk-Jones 1959). This information suggests that acidic environment (i.e. decrease of 

pH) may be an important stimulus to trigger the release of anti-inflammatory drugs from 

total joint replacement surface.  

Despite the lack of success of the systems reported above (Table 2), it as to be 

considered that anti-inflammatory drug delivery systems for orthopaedic applications is 

still a very recent research topic. In this sense, some optimization of this systems is 

needed, mainly critical parameters such as the drug releasing kinetics needed to keep 

concentration within the therapeutic dose, and how to personalize the drug dosage for 

different clinical applications/therapies. Specifically, to target inflammation, more 

research is needed to increase the probability of developing a successful system, where 

the appropriate release and concentration of anti-inflammatory drug would be able 

modulate the inflammatory response after device implantation, and consequently to 

reduce the need for revision surgery due to aseptic loosening. 



26 



27 

1.5 Aim of the project  
Over the past decades, the utilization of TJR has expanded dramatically owing to 

increased life-expectancy, changing lifestyles and improved implant technology (Losina 

et al. 2012, Revell 2014). This has extensively improved quality of life of patients 

worldwide. However, early implant failure and problems during healing have been 

reported for certain patient groups such diabetic and elder people where bone 

regeneration is compromised. Besides, with the increasing age of the population, the 

number of patients with poor bone quality is constantly rising. Also, the increasing 

lifespan after primary surgery increases the probability for the exigency of revision. 

These present and upcoming challenges require a better TJR implant device technology. 

One of the major problems associated with TJR are the exacerbated inflammatory events 

caused either by tissue injury or wear debris (Gallo et al. 2013), that might end-up as 

osteolytic events and when not treated in aseptic loosening. Over last decades, although 

much research has been focused to overcome the TJR aseptic loosening (Ren et al. 

2011a, 2013), still this condition cannot yet be prevented or treated by existing 

nonsurgical methods. It is therefore apparent that localized acute inflammation must be 

modulated to ensure TJR long lifetime and functionality. This can be achieved using anti-

inflammatory agents, such as DEX.  Nevertheless, undesired side effects of DEX 

systemic delivery had been extensively reviewed last decades (Oray et al. 2016, Saag 

et al. 2008, Schäcke et al. 2002). Hence, strategies have been applied in clinical practice 

to minimize the undesired side effects of anti-inflammatory drugs, including the local 

administration/injection of anti-inflammatory drugs into the articular cavity (Petit et al. 

2014). Although in terms of clinical outcome, being a soluble drug, a rapid clearance of 

DEX (e.g. DEX sodium phosphate) is observed, requiring the frequent administration of 

the therapeutic drug such daily administration for 3−6 weeks (Chung et al. 2015, Elron-

Gross et al. 2009). An ideal solution could be the functionalisation of implant surface with 

an anti-inflammatory agent, where a controlled, and continuous local delivery of DEX 

therapeutic concentration at the implantation site would be achieved. In this context, 

hypothetically the model system developed in this study, which consists on the 

functionalisation of implant surface with an anti-inflammatory drug (DEX) was suggested 

as a potential approach to avoid aseptic loosening. The DEX eluting model system was 

prepared through the surface functionalization of TiO2 particles using different 

approaches, amino, mercapto and LbL routes. Respectively DEX was either attached by 

covalent bounding (amino and mercapto routes), or by electrostatic interaction (LbL 

route), where DEX was attached to (amino)-functionalised TiO2 particles, with 

subsequent deposition of CH and ALG layers. The benefits of using functionalised TiO2

particles as device surface model for drug eluting implants has been extensively 
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reviewed in literature (Bagherifard 2017, Lyndon et al. 2014, Popat et al. 2007, Wu et al. 

2014). The main advantage of this system is that the surface modification performed on 

TiO2 particles can be applied on clinically used TJR, made of titanium and titanium alloys. 

Besides, DEX will be directly release from implant surface rather than systemically, 

reducing unnecessary side effects. The utilization of different synthetic routes to attach 

DEX to functionalised- TiO2 particles, was investigated to assess if the utilization of 

different linkers i.e. functional groups between DEX and TiO2 particles will affect the 

loading efficiency of DEX, drug release profile, and the cellular behaviour e.g. toxicity, 

bioactivity of the model system.  

Regarding model system characterisation, zeta potential measurements, TGA analysis, 

FT-IR, were performed, thus respectively providing evidence of the different organic 

group attached i.e. -NH2, -SH on the surface of TiO2 particles. DEX attachment was also 

investigated by assessing drug loading and encapsulation efficiency. Moreover, average 

size and morphology of model system was evaluated by means of transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM). In addition, in vitro release 

studies were performed to investigate DEX release profile for each route and under 

different joint conditions, healthy joint  (pH=~7) (Goldie & Nachemson, 1970), and 

inflamed joints, which are associated with local acidosis (pH between 6-6.5)  (de Nadai, 

et al., 2013). On the other hand, in vitro studies, using a murine macrophages cell line, 

Raw 264.7, were conducted to investigate parameters such as toxicity or anti-

inflammatory properties of the model system herein developed. For that an in vitro

inflammation model, LPS-activated cells, was previous optimized and validated to 

investigate the anti-inflammatory activity of DEX released from TiO2 particles under 

biological conditions. 
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The present PhD project aims to develop an anti-inflammatory drug eluting model implant 

to target one of the major causes for joint revision surgery, aseptic loosening secondary 

to periprosthetic osteolysis. We hypothesize that local release of an anti-inflammatory 

drug at bone-implant interface will modulate the inflammatory response induced by wear 

debris, avoiding this way an uncontrolled and prolonged chronic inflammation, and the 

following bone loss i.e. osteolysis around the implant (Figure 9). 

Figure 9. Schematics of (a) an anti-inflammatory drug-eluting surface model 
system and (b) potential effect when incorporated at implant surface.  

To achieve the mentioned goals, an experimental research plan was defined: 

(i) Anti-inflammatory drug delivery model system development by different 
synthetic routes (amino, mercapto and Layer-by-Layer routes): 
In an initial stage, the goal was to develop a model system capable of locally delivering 

an anti-inflammatory drug. With this aim TiO2 particles, widely applied in biomedical 

field for its biocompability, easy scale-up and cost-effective characteristics, were 

selected as drug delivery model system.  It is expected that surface modification 

performed on TiO2 particles can be applied on clinically used total joint replacements, 

made of titanium and titanium alloys. We hypothesize that by preparing TiO2 particles 

loaded with DEX through different synthetic routes, it will result in different level of 

drug loading, different release kinetics and subsequently different anti-inflammatory 

efficacy. With this aim, TiO2 particles containing DEX were prepared by modifying the 

surface of TiO2 particles through different synthetic routes: Amino, mercapto and 
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Layer-by-Layer (LbL), were targeted to introduce surface functionality on TiO2

surface for subsequent attachment of an anti-inflammatory drug model. For this 

purpose, DEX, a synthetic glucocorticoid has been employed as a drug model, since 

it is already clinically used to modulate the inflammatory reaction after prosthesis 

implantation.

a) Amino and Mercapto routes, the model system was prepared by 

covalently binding DEX to carboxyl functionalised TiO2 particles. In this case, 

the carboxyl-functionalized surface will interact with hydroxyl group of DEX, thus 

forming an ester bond between the anti-inflammatory drug and surface of TiO2 

particles.  

b) Layer-by-Layer (LbL) route the aim was to test an alternative synthetic 

route to covalent bonding, where the anti-inflammatory drug will be adsorbed 

into amino-functionalised TiO2 particles (template) using electrostatic 

interactions, and it will be surrounded by multilayer of positively and negatively 

charged polymers, chitosan and alginate. 

(ii) Surface and chemical/material analysis:  
In a second stage, aiming to gain further insight on functionalization of TiO2 particles 

and attachment of DEX, the whole synthetic process of TiO2 particles surface 

modification in different routes (before and after DEX loading) was investigated by 

means of thermogravimetric analysis (TGA), Fourier Transformed infra-spectroscopy 

(FT-IR) and zeta potential measurements. Also, other parameters such as the average 

size and morphology of DEX loaded-functionalised TiO2 particles were evaluated by 

Transmission electron microscopy (TEM), as well as DEX release profile under different 

pH conditions. 

(iii) In vitro cell studies:
Macrophages are the first immune cells to act towards invading organisms or tissue 

injury, and they play a key role in inflammatory response (Goodman et al. 2014, Hallab 

2016). Thus, making them the in vivo targets in the orthopaedic applications envisaged 

for model system here in studied. For this purpose, in vitro Raw 264.7 macrophage cell 

line, was used to assess the biological behavior i.e. cytotoxicity and anti-inflammatory 

activity of DEX released from functionalised-TiO2 particles. Besides, it is efficacy on 

screening the potential anti-inflammatory activity of drugs and delivery systems has been 

already demonstrated in previous studies (Jeon et al. 2000, Yuan et al. 2013).  
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(a) Cytotoxicity assessment  
Before assessing the bioactivity of drug delivery model system on the cells, preliminary 

studies were done to investigate the individual effect of LPS and DEX on the RAW 264.7 

cells viability. This way is possible to assess if the concentration of DEX that is released 

from the functionalised-TiO2 particles, and the LPS concentration used to induce 

inflammation, will cause any adverse reaction to the cells. To assess cell cytotoxicity 

Methylthiazolyl Tetrazolium (MTT) and Lactase dehydrogenase (LDH) release assay 

were performed. 

(b) Characterization and optimization of in vitro inflammation model 
Murine macrophage cell line (Raw 264.7) is known for exhibiting features in common 

with monocyte macrophages, although it does not mimic macrophages behaviour under 

inflammatory conditions.  For this purpose, RAW 264.7 cells were treated with 

lipopolysaccharide (LPS), a component of bacterial wall, known to induce a variety of 

inflammatory cytokines production in macrophages. Different Raw 264.7 cell seeding 

densities upon different LPS concentrations were tested to optimize the in vitro model. 

For this purpose, after exposing the cells to LPS, nitric oxide (NO) and tumor necrosis 

factor-alpha (TNF-α) production was measured to investigate the RAW 264.7 cells LPS-

activation and consequently the reliability of the in vitro inflammation model. Being 

respectively a pro-inflammatory mediator and a pro-inflammatory cytokine, NO and TNF-

α expression was simultaneous assessed to get further insight about the inflammation 

level. Moreover, cellular morphological changes after LPS addition were observed using 

fluorescence microscopy. 

 (c) Anti-inflammatory activity assessment 
Once the preliminary in vitro studies (iii, a and b) were performed, the biological activity 

of DEX-loaded functionalised-TiO2 particles was investigated to assess the anti-

inflammatory activity. For this purpose, the LPS-stimulated RAW 264.7 cells were 

exposed to the broths collected from drug release studies. This way the cytotoxicity and 

anti-inflammatory activity of DEX released from drug delivery model system were 

investigated. As reported in previous studies (Joo et al. 2014, Soromou et al. 2012, van 

der Bruggen et al. 1999) LPS-activated macrophages secrete several inflammatory 

cytokines. Particularly, high production of NO and TNF-α has been associated with 

chronic inflammation (Parameswaran & Patial 2010, Zamora et al. 2000).  On the other 

hand, DEX is known to block transcription if nuclear factor-kappa B (NF-Кβ), and 

consequently suppress the expression of inflammatory cytokines including nitric oxide 

(NO) and tumor necrosis factor-alpha (TNF-α) (Huebner, Shrive, & Frank, 2014).  
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Therefore, inhibition of NO and TNF-α production in LPS-stimulated cells was 

simultaneous assessed to get further insight about inflammatory effect of DEX released 

from functionalised-TiO2 particles. Aiming to analyse the levels pro-inflammatory 

cytokines, Enzyme Linked Immunosorbent Assay (ELISA) (TNF-α,), and Griess reagent 

(Nitric oxide) assay were performed. As shown in Figure 9.b, we speculate that release 

of DEX from functionalised-TiO2 particles will modulate the inflammation in LPS-activated 

macrophages. Moreover, cellular morphological changes after LPS addition were 

observed using inverted microscopy. 
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2. Materials & Methods 

2.1 Chemicals 
Dex-Loaded TiO2 Particles synthesis 
Titanium (IV) oxide (Anatase, <25nm, 99.7%), (3-mercaptopropyl) trimethoxysilane 

(MPTMS, 95%), (3-Aminopropyl)triethoxysilane (APTS, 99%), succinic anhydride 

(≥99%), Dexamethasone (Dex, >97%), 4-Pentenoic acid (≥98%, FG), 1-(3-

Dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride (EDC, 98+%), N-

hydroxysulfosuccinimide (Sulfo-NHS, 98%), N-morpholino) ethanesulfonic acid (MES) 

hydrate (>99.5%), Chitosan, Sodium Alginate, Phosphate buffer solution (PBS, pH=7.4) 

tablets, Sodium acetate trihydrate (≥99%), sodium chloride (ACS reagent, ≥99%), citric 

acid monohydrate (ACS reagent, ≥99%), disodium phosphate (ACS reagent, ≥99%) 

were purchased from Sigma-Aldrich, UK. HPLC grade acetonitrile, Glacial Acetic Acid, 

Methanol, Dichloromethane (DCM) and Toluene were all purchased from Fisher, UK. All 

other chemicals were reagent grade, stored according to manufacturer's guidelines and 

used as received. 

2.2. Buffers preparation  
2.2.1 2-(N-morpholino) ethanesulfonic acid (MES) buffer 
MES buffer (10-2 M, pH 6) was prepared by dissolving 1,95g of MES hydrate in 100 mL 

of deionized water. The pH was achieved by dissolving one pellet of sodium hydroxide 

into MES buffer solution.  

2.2.2 Acetate buffer 
Acetate buffer (10-3 M, pH 4 and 5) was prepared by combining different volumes of 

sodium acetate hydrate (CH3COONa·3H2O) and acetic acid (CH3CO2H) solutions, 

according to the following table (Table 3). 

Table 3. Acetic Acid-Sodium acetate buffer preparation.  

pH Acetic Acid (0.1 M) mL Sodium acetate (0.1 M) mL 

4 82 18 

5 30 70 

6 7 93 
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2.2.3 Sodium Chloride (NaCl) buffer 
NaCl buffer (10-3 M, pH 7) was prepared by dissolving 0.058 g of NaCl in 100 mL of 

deionized water 

2.2.4. Citric acid-disodium phosphate buffer  
Citric acid-disodium phosphate buffer was used to obtain pH values between 4 and 7. 

The buffer was prepared by combining different volumes of citric acid (C6H8O7) and 

disodium phosphate dodecahydrate (H25 Na2O16P) solutions, according to the following 

table (Table 4): 

    Table 4.Citric acid-disodium phosphate buffer preparation.  
pH Citric acid (10-3  M) mL Disodium phosphate (10-3  M) mL 

4 61.45 38.55 

5 48.50 51.50 

6 36.85 63.15 

7 17.65 82.35 

2.2.5. Phosphate buffer saline (PBS) 
PBS buffer was obtained by dissolving 1 Tablet of PBS (pH=7.4) in 100 mL of 

deionized water. 

2.3 DEX-loaded functionalised TiO2 particles synthesis 

2.3.1 Amino-route  
1 g of TiO2 particles were dispersed in 15 mL of anhydrous toluene. The TiO2 particles 

surface was functionalized with amine groups by adding 100µl of APTS under stirring 

and incubation for 24 hours. Subsequently, the amine-functionalized particles (NH2-TiO2)

were isolated by centrifugation at 14000 rpm for 5 minutes (LE-80K Ultracentrifuge, 

Beckman Coulter, UK) at 20°C followed by washing for at least three cycles with toluene 

to remove unreacted APTS. To re-disperse the centrifuged particles in the fresh toluene, 

they were vortex mixed (WhirliMixerTM, Fisherbrand, UK) to make sure a visually well-

dispersed suspension was regained before centrifuging again. The resulting particles 

were dried under the fume hood for 24 hours. Then amine-functionalized particles (NH2-

TiO2) (250 mg) were dispersed in 100mL of DCM and purged with nitrogen. Succinic 

anhydride (25 mg) was dissolved in 2.5 mL of DCM and added to the reaction mixture to 

obtain carboxylic acid functionalized surface. This solution/suspension was kept under 

nitrogen for 18 hours. Subsequently, the succinilated-particles (COOH- NH2-TiO2) 

suspension was isolated by centrifugation at 14000 rpm for 5 minutes at 20°C followed 

by washing for at least three cycles with methanol to remove unreacted materials, 
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including re-dispersion/stirring step. The resulting particles were dried under the fume 

hood for 24 hours.  The DEX was loaded into particles following two different methods: 

DEX adsorption and DEX conjugation.  

DEX conjugation 
To obtain DEX loading (covalent attachment), 50mg of DEX was dissolved in 100 mL 

MES buffer (0.1 M, pH 6.0). This solution was used to disperse 250mg of functionalized 

particles (Amino, Mercapto or Dendron), 10 mg EDC and 10 mg Sulfo-NHS. The 

suspension was kept under vigorous mixing for 24 hours. The Dex loaded particles were 

recovered by centrifuging at 14000 rpm for 5 minutes at 20°C by washing for at least 

three cycles with methanol to remove unattached DEX. To re-disperse the centrifuged 

particles in the fresh solution, they were vortex mixed for 5 minutes to make sure a 

visually well-dispersed suspension was regained before proceeding to a new 

centrifuging/washing cycle again. Then DEX loaded particles were left to dry under the 

fume hood for 24 hours.  

DEX adsorption  
For comparison purposes, the physical adsorption of DEX was also assessed. 50mg of 

DEX was dissolved in 100 mL MES buffer (0.1 M, pH 6.0). This solution was used to 

disperse 250mg of functionalized particles (Amino, Mercapto or Dendron). The 

suspension was kept under vigorous mixing for 24 hours. The Dex-loaded particles were 

recovered by centrifuging at 14000 rpm for 5 minutes at 20°C by washing for at least 

three cycles with methanol to remove unattached DEX. To re-disperse the centrifuged 

particles in the fresh solution, they were vortex mixed for 5 minutes to make sure a 

visually well-dispersed suspension was regained before proceeding to a new 

centrifuging/washing cycle again. Then DEX loaded particles were left to dry under the 

fume hood for 24 hours. 

2.3.2 Mercapto-route 
A similar protocol to the one utilized on the amino route (2.3.1 Amino-route) was adopted, 

with some modifications. Instead of using APTS, the TiO2 particles surface was 

functionalized with thiol groups by adding 100µl of MPTMS under stirring and incubation 

for 24 hours. Similarly, the carboxyl functionalization step was different, where 

functionalization was achieved through dispersion of thiol-functionalized (Ti-SH) particles 

(250 mg) in 100 mL of methanol: water (2:1) solution, and then addition of 4-Pentenoic 

acid (25mg). This suspension was kept under ultraviolet using a hand-held UV lamp 

(UVGL-58, Cambridge, UK) set at λ = 254 nm for approximately 3 hours. Furthermore, 

the protocol applied to load DEX was also the same, where DEX conjugation and 
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adsorption were assessed.  

2.3.3 Layer-by-Layer (LbL) Route 

2.3.3.1 Preparation of polyelectrolyte solutions  

The polyelectrolyte solutions were prepared dissolving sodium alginate (ALG) (2mg/mL), 

chitosan (CH) (2mg/mL), and DEX sodium phosphate (10mg/mL) in acetate buffer (0.1M, 

pH 5) with agitation using a magnetic stirrer (at 600 rpm), during 2 h at room temperature 

(20 ºC). 

2.3.3.2 Assessment of polyelectrolytes solution charge  

In layer by layer deposition the charge of polyelectrolyte solutions (CH, ALG, and DEX) 

must be measured to guarantee a correct electrostatic interaction, between the layers 

i.e. between NH2-TiO2 nanoparticles, DEX, ALG and CH layers. So, before starting LbL 

assembly the charge of each polyelectrolyte solution was evaluated by means of zeta 

potential measurements.

2.3.3.3 Synthesis of multilayer DEX-loaded-TiO2 particles 

Multilayer capsules were prepared by alternating deposition of alginate, chitosan and 

DEX layers onto a positively charged template i.e. amino functionalised particles (NH2-

TiO2 particles). To prepare the template (NH2-TiO2 particles), the same method 

described in 2.3.1 Amino-route was utilized. After that, the alginate, chitosan, and DEX 

layers were deposited onto NH2-TiO2 particles, by adopting the following protocol: Briefly 

250mg of NH2-TiO2 particles were exposed to 20mL of ALG (2 mg/mL) solution. The 

mixture was incubated at room temperature, for 10-15 min under gentle stirring.  The 

excess of polyelectrolyte was removed by two repeated circles of centrifugation at 4000 

rpm for 5 minutes (LE-80K Ultracentrifuge, Beckman Coulter, UK) at 20°C with 

consequently removal of supernatant and re-dispersion in fresh acetate buffer (0.1 M, 

pH 5), discarding the unabsorbed ALG. The suspension was vortex mixed 

(WhirliMixerTM, Fisherbrand, UK) to make sure a visually well-dispersed suspension was 

regained before centrifuging again. After the second cycle of centrifugation, the 

supernatant was removed, and particles were re-suspended in 20 mL of CH solution (2 

mg/mL). The mixture was incubated at room temperature, for 10-15 min under gentle 

shaking, thus assembling the 2nd layer of the capsule (CH layer). The excess of 

polyelectrolyte was removed by centrifugation/ re-dispersion cycle in fresh acetate buffer 

(0.1 M, pH 5), discarding the unabsorbed CH.  
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Figure 10. Schematics regarding the preparation of DEX-loaded particles, using 
amino-functionalised (NH2-TiO2) particles as template. 

The following DEX layer was deposited using a similar procedure to the one described 

before, with the exception that LbL particles were re-suspended in 10 mL of DEX solution 

(10 mg/mL). To optimize this methodology after depositing the first DEX layer, different 

approaches i.e. experiment 1 and 2 were tested (Figure 10) by varying the type and 

combination of layers deposited onto template. Therefore, after the first DEX layer 

deposition, alternating CH, ALG or DEX layers were deposited according to the approach 

(Experiment 1 or 2) utilized, until the desired number of layers was achieved. 
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2.4 Particle characterization 

2.4.1 Size measurements and surface morphology 

Transmission electron microscopy (TEM) 
Images of particles were obtained using a Zeiss 902 transmission electron microscope 

(TEM) operating at a voltage of 80 kV. The aqueous dispersion of the particles was drop-

cast onto a carbon-coated copper grids, and grid was dried at room temperature (20ºC) 

before loading into the microscope (direct deposition). The average particle size, size-

distribution and morphology analysis of the samples was carried out from transmission 

electron micrographs, where average size was estimated using the software Image J for 

Windows (Version 1.50i). 

Scanning electron microscopy (TEM) 
The surfaces of the TiO2 particles and functionalised ones, were gold coated using a 

sputter compact coater (Shimadzu model CC-50), and imaged using a scanning electron 

microscope (SEM, VEGA3, TESCAN) at 15 KeV, with an integrated microanalysis X-ray 

system (EDS -energy dispersive spectrometer). 

2.4.2 Zeta potential measurements 
The electrophoretic mobility was determined by Dynamic Light Scattering (DLS) with a 

Malvern Zetasizer, ZS particle characterization system (Malvern Instruments Limited, 

UK), using a He–Ne laser (wavelength of 633 nm) at an angle of 17° which is combined 

with the reference beam to analyse the samples. Zeta potential values were determined 

by applying the Henry equation to convert electrophoretic mobility ) to zeta potential 

(ζ) values Equation 1): 

Equation 1: Henry Equation              

Where, ζ describes the zeta potential, ε is the dielectric constant,  describes the 

viscosity, and f (κa) is Henry’s function. As electrophoretic determinations of zeta 

potential are most commonly made in aqueous media and using moderate electrolyte 

concentration, the f (Ka) is equal to 1.5, and is referred to as the Smoluchowski´s 

approximation (Nita, Chiriac, Bercea, & Wolf, 2013). The electrophoretic mobility is 

obtained by performing an electrophoresis experiment on the sample and measuring the 

velocity of the particles using Laser Doppler Velocimetry (LDV). For measuring zeta 

potential, 1mg of particles was dispersed in 1mL of buffer solution using the vortex and 

the ultrasonic bath (~30min). Then suspension was immediately transferred into the 

capillary cell. For pH 4 and 5, an acetic acid/sodium acetate buffer (0.01 M or 10-3 M) 

was prepared. As for pH 7, Sodium Chloride (NaCl) buffer (0.01 M) was utilized. Results 

were given as the average ± standard deviation of three measurements. 
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2.4.3 Fourier Transformed infrared spectroscopy (FT-IR) 
FT-IR was used to identify the functional group in the samples before and after 

functionalization steps. Spectra were recorded on a Shimadzu IRAffinity-1S apparatus 

equipped with ATR diamond accessory, at room temperature between 4000 and 300 cm-

1 with 4 cm-1 resolution running 16 scans. 

2.4.4 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) was performed using a Perkin-Elmer TGA 4000 

instrument. The samples were heated from 50 to 800 °C with a constant heating rate of 

10 °C per minute. Weight loss percentage of each sample was calculated relative to 

initial weight of sample, prior to heating. As for organic and inorganic material 

percentage, it was calculated by subtracting the point at initial weight loss (%) up to when 

the line plateaus (approximately around 800°C). 

2.4.5 DEX loading and entrapment efficiency estimation  
Drug loading was calculated using the High-Performance Liquid Chromatography 

(HPLC) standard calibration curve of DEX and DEX sodium phosphate, which were 

plotted to define the quantitative relationship between observed absorbance and 

concentration of the drug (Figure 81, 

I. Appendix). The mass of DEX loaded into functionalised-TiO2-particles was estimated 

by analysing the supernatants obtained during the centrifugation/washing cycles, which 

was part of DEX loading step. Briefly, for amino and mercapto routes, the supernatants 

were collected from each centrifugation step (3 cycles). As for LbL route, supernatants 

were collected from each centrifugation step (2 cycles) after loading of each DEX, CH, 

and ALG layers.  

Then, the collected supernatants were analysed using HPLC to quantify the amount of 

DEX which was lost during centrifugation/washing cycles, and therefore was not loaded 

into the particles, as previously described (Pu et al. 2014). The DEX loading (%) and 

entrapment efficiency (%) were estimated based on the following equations (2 and 3)  

(Papadimitriou & Bikiaris 2009): 

Equation 2 Drug loading (%): 

Equation 3 Entrapment Efficiency (%): 
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All experiments were performed in triplicate. results are presented as the average and 

standard deviation of three samples. 

2.5 DEX release profile   
DEX loaded-functionalised TiO2 particles prepared as described above (2.3 DEX-loaded 

functionalised TiO2 particles synthesis), were dispersed in citric acid-disodium 

phosphate buffer (10 mg ml-1) within a pH range from 4-5, and in sodium acetate buffer 

(10 mg ml-1) within a pH range from 6-7 at 37°C. The solution was replaced daily with 

fresh buffer and analysed to quantify the amount of DEX release using reverse-phase 

High Performance Liquid Chromatography (HPLC). An Agilent series 1100 HPLC system 

was equipped with analytical column (Waters Spherisorb®, Sigma-Aldrich, St Louis, MO, 

USA), with Pore size- 80Å, 5 µm, and width x length- 4.6 mm X 150 mm), thermostated 

at 25°C. The method was adapted from Martín-Sabroso et al. (Martín-Sabroso, et al. 

2013); briefly, the injection volume was 10 μL, the mobile phase was PBS: acetonitrile: 

acetic acid (70:26:4), with a flow rate of 1 mL/min, and the detector was a UV 

spectrophotometer at 244 nm. An example of a chromatogram for a 1 mg/mL solution of 

DEX in DMSO is shown in Figure 81.B ( 

I. Appendix); the calibration curve of the HPLC detection of DEX is presented in Figure 

81.A ( 

I. Appendix). The renovation of the release medium volume (1 mL) was guaranteed after 

each sample withdraw. All experiments were performed in triplicate. Results obtained 

from HPLC analysis are presented as the average and standard deviation of three 

samples. 

2.6. Cell culture and treatments 
Cell studies were performed using a commercially available murine macrophage-like cell 

line, Raw 264.7 cells. We decide to utilize macrophage cell line because, as seen in the 

introductory chapter (1.3.2 Biological mechanism and inflammatory mediators), 

macrophages are the one the most important immune cells to act towards invading 

organisms or tissue injury. Consequently macrophages play a key role in inflammatory 

response (Goodman et al. 2014, Hallab 2016) by producing different inflammatory 

mediators (e.g. cytokines, NO) in response to pathogens such as bacterial LPS (Oh et 

al. 2012). For that reason, Raw 264.7 macrophages have been widely used in other 

studies to investigate the toxicity and bioactivity of different anti-inflammatory 

compounds(Kim & Ha 2009, Pinho et al. 2011, Vairappan et al. 2013), and potential anti-

inflammatory delivery systems (Bosnjakovic et al. 2011, Joo et al. 2014, Yuan et al. 
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2013).Regarding the treatments, the choice of treating the cells with different 

concentrations of DEX (3.9- 100 µg/mL) was based on the results obtained on drug 

release assay studies previously performed (4.2. DEX release profile). In addition, the 

DEX concentration of 100 µg/mL was tested to assess if a higher concentration will 

induce cell toxicity. As for LPS (LPS; E. coli serotype 026: B6; Sigma Cat. No. L2762) 

concentrations (0.1-1 µg/mL), it was chosen according to previous studies (Lee et al. 

2013, Oh et al. 2012, Pinho et al. 2011). Moreover, aiming to test the effect of DEX 

released from functionalised-TiO2 particles, Raw 264.7 cells were treated with broths 

collected from drug release studies previously performed as described above (2.5 DEX 

release profile). 

2.6.1 Raw 264.7 macrophages cell line 
RAW 264.7 cells (Figure 11) were obtained from European Collection of Cell Cultures 

(ECACC). Cells were grown in Dulbecco’s modified Eagle’s Medium (DMEM) containing 

10% fetal bovine serum and 100 U/mL of penicillin/streptomycin, under 5% CO2 at 37°C, 

in humidified air, and 70% of ethanol was used for disinfection of all stages throughout 

the experiments. The culture media was changed every 3 days, except when cells were 

thawed, in this case culture media was changed after 1 day to remove debris and 

unattached cells.  
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Figure 11. Pictures of Raw 264.7 cell line (medium confluence) (a) and High 
confluence (b). Pictures were taken under inverted microscope with X10 and x20 
magnification. (Scale bar=100 µm).  

The adherent cells were split once a week before reaching confluence. For splitting the 

culture medium was removed, 10 mL of fresh medium was added, and cells were 

scraped off the flask bottom and transferred to universal tube to be centrifuged (5000 

RPM, 5 minutes).  The obtained pellet of cells was re-suspended in 1mL of fresh media, 

and 10 µL aliquot of cell suspension was taken to perform cell counting. The cell number 

and viability in the cell suspension was determined as cells/mL, by using a cell counting 

chamber. Dead cells were stained with a trypan blue solution and were excluded from 

counting. Then, after cell counting, the cell suspension obtained after centrifugation was 

diluted and transferred to a new flask. For all experiments, the cells were subjected to 

no more than 10 cell passages. 

Figure 12. Schematic of the experimental plan adopted to assess the cellular 
viability and anti-inflammatory activity of DEX-loaded functionalised-TiO2 particles 
obtained by different synthetic routes. Cells were exposed to broths (i.e. DEX 
release from functionalised-TiO2 particles) according to release profile obtained 
for each synthetic route. 24h broths for amino/mercapto route (A) and at 24h, 48h, 
72h and 2 weeks broths for LbL route (B) studies. 

For all assays, cells were seeded at a density of 2x105 cells/mL and permitted to adhere 

over 4-5-hour period, before treatments were added, as previously described (Pinho et 

al. 2011). Preliminary studies to optimize cell density (cells/well) were performed, as can 

be seen in the appendix section ( 
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I. Appendix. Preliminary in vitro studies). All treatments were freshly prepared by diluting 

the stock solution in culture DMEM medium. In all experiments, a control was performed 

where cells were incubated only with culture medium. Raw 264.7 cells were cultured for 

7 days, (culture media changed every 3 days), and the cellular behaviour (e.g. viability, 

NO/TNF-α production) was assessed at different time points. Although all experiments 

were performed for 7 days, only results up to 3 days were showed in this thesis, mainly 

because after 3 days, MTT assay and cells observation under inverted microscope, 

revealed that macrophages were over confluent ( 

I. Appendix. Figure 87)  Moreover, as can be seen from drug release studies (3.4 DEX 

release profile), the route utilized to synthesize DEX-functionalised-TiO2 particles 

significantly affected the drug release profile. Not only the DEX concentration, but also 

the release duration were different for particles obtained by amino/mercapto (24 hours), 

(Figure 40 and Figure 41), and LbL route (2-3 weeks) (Figure 42 and Figure 43). For this 

reason, cellular behavior of RAW 264.7 macrophages was investigated according to 

release profile obtained for each synthetic route. Briefly, cells were exposed to broths 

(i.e. DEX release from functionalised-TiO2 particles) collected at different time points: 

24h for amino/mercapto route (Figure 12.A), and 24h,48h, 72h and 2 weeks for LbL route 

studies (Figure 12.B). The aim of this experimental set up was to assess the potential 

anti-inflammatory effect during the total period that is DEX released: 24h for 

amino/mercapto and 2 weeks for LbL routes.    

2.6.2 LPS-activated Raw 264.7 cell line: inflammation model 
Murine macrophage cell line, Raw 264.7 is known for exhibiting features in common with 

monocyte macrophages, although it does not mimic macrophages behaviour under 

inflammatory conditions.  For this purpose, in several studies RAW 264.7 cells were 

treated with lipopolysaccharide (LPS), an endotoxin, known to induce a variety of 

inflammatory modulators production in macrophages (Pinho et al. 2011, Sharma et al. 

2007). This is entirely applicable, since LPS-activated Raw 264.7 cells have been utilized 

in previous studies to evaluate the anti-inflammatory effect of potential anti-inflammatory 

drugs and delivery systems (Bosnjakovic et al. 2011, Joo et al. 2014, Lee et al. 2013, 

Terra et al. 2007, Yuan et al. 2013). LPS concentrations to be tested were chosen 

according to previous studies (Lee et al. 2013, Pinho et al. 2011), which also aimed to 

investigate anti-inflammatory activity. 

In an initial stage, preliminary studies were performed to assess the more effective LPS 

concentration to activate the cells, and the optimal seeding density which will produce 

measurable amounts of NO. Briefly, during preliminary studies, 2.5 x10^4 cells/well were 

stimulated with LPS concentrations ranging from 0.01-1 µg/ml and NO was measured at 
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18, 24, 48 and 72 hours to optimize LPS concentration. Then different cell densities were 

stimulated with 1 µg/ml of LPS, and NO and TNF-α were measured at 18, 24, 48 and 72 

hours to optimize cell seeding density, and evaluate the temporal pattern of inflammatory 

markers production.  

Raw 264.7 cells were seeded at a density of 2x105 cells/mL in a 96 well-plate and 

permitted to adhere over a period of 4-5 hours. Cell were then treated with DEX or broths 

collected from drug release studies for one hour, followed by incubation with LPS 

(1µg/mL), to stimulate/activate the macrophages.  After the addition of LPS the cells were 

cultured for 3 days. Then cellular behavior (e.g. viability, NO production) was then 

assessed at different time points. The effect of treatments (DEX and broths collected 

from drug release studies performed at pH 4, 6 and 7) in the absence of LPS were also 

assessed, to observe if they induced changes in basal levels of the assays performed.  

2.7 Cellular viability  

2.7.1 Methylthiazolyl Tetrazolium (MTT) assay 
Cellular viability/proliferation of cells after being exposed to tested compounds was 

assessed using the mitochondria dependent reduction of Methylthiazolyl Tetrazolium 

(MTT) to formazan (Figure 13), according to Oh and collaborators (Oh et al., 2012) with 

some modifications.  

Figure 13. The reduction reaction of the tetrazolium salt MTT to a formazan dye, is 
catalyzed by mitochondrial reductases only in living cells and is therefore used to 
assess cell viability. 
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After described above incubation (2.6. Cell culture and treatments), the culture medium 

was removed and 20μL of the MTT solution (5mg/mL) was added to each well and 

incubated at 37°C in a humidified 5% CO2 atmosphere, for another 4 hours. Then 

supernatant was carefully discarded and 100µL of Dimethyl sulfoxide (DMSO) was 

added to each well to solubilize formazan. The absorbance at 540 nm was measured 

using ELISA reader. The absorbance (MTT values) by untreated cells (control) was 

chosen as the 100% value.  Although, for LPS-activated Raw 264.7 cells the absorbance 

of treatment groups was normalized to the LPS-treated control and expressed as a 

percentage 

2.7.2 Lactase dehydrogenase (LDH) release assay 
Quantification of lactate dehydrogenase (LDH) is a method to investigate the cytotoxicity 

of a substance. This assay is based on the release of LDH, cytosolic enzyme, upon cell 

lysis. Therefore, LDH released into culture media assay was used to evaluate cell 

damage after treatment with test compounds.  Briefly an aliquot of cell culture medium 

was carefully taken from each well, and the LDH activity in the medium was determined 

using an LDH cytotoxicity detection kit (Sigma). A 150 μl of reaction mixture was added 

to 75 μl aliquot of each well, and the reaction was incubated for 30 min at 37°C in a 

humidified 5% CO2 atmosphere. The absorbance of each well was measured at 490 nm 

using a microplate reader. Results are expressed as a percentage of the respective 

control (with or without LPS). 

2.8 Inflammatory markers measurement 

2.8.1 Measurement of Nitric oxide (NO) levels (Griess reagent) 
Previous studies have shown the production of inflammatory reactive oxygen species 

such as nitric oxide (NO) on LPS-activated Raw 264.7 cells (I.-T. Kim et al. 2012; 

Saxena, Vallyathan, and Lewis 2003; Sharma, Al-Omran, and Parvathy 2007). The 

expression of those cytokines and chemokines on LPS-activated Raw 264.7 reflects the 

level of inflammation, and therefore provides a measure of the inflammatory response 

(Pinho et al. 2011; Oh et al. 2012).  NO is a very short-lived and reactive molecule, and 

easily degrades into more stable end products, such as nitrate and nitrite (Lundberg et 

al. 2008). Therefore, NO formation has to be quantified by measuring its stable 

decomposition products, nitrite (NO2
-) and nitrate (NO3

-) in the cell culture media (Bryan 

& Grisham 2007).  This method requires that NO3
- first be reduced to NO2

-, and then 

NO2
- is determined by the Griess reagent, a spectrophotometric technique based in an 

enzymatic reaction(Sun et al. 2003), as shown in Figure 14.  

The Griess reagent system (Thermo Fisher Scientific ®) was utilized to measure nitrite 

(NO2
-), which is the stable metabolite of nitric oxide (NO), in the supernatants of Raw 
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264.7 macrophages, as previously described by (Pinho et al. 2011). After incubation (as 

described in 2.6. Cell culture and treatments), 100 μL of cell culture supernatant was 

mixed with the same volume of Griess reagent for 30 min at room temperature. Samples 

of fresh culture media were used as blanks for all experiments. Then nitrite produced 

was determined by measuring optical density of the mixture at 540 nm in a microplate 

reader. Nitrite was quantified by an external standard, using sodium nitrite (NaNO2) to 

generate a standard calibration curve (Figure 82,supplementary information). 

Figure 14. A. Nitric oxide production in LPS activated macrophages (A.).  In the 
Griess Reaction (B.), the nitrosating agent dintrogen trioxide (N2O3) generated 
from acidified nitrite (or from the autoxidation of NO) reacts with sulfanilamide to 
yield a diazonium derivative. This reactive intermediate will interact with N-1-
naphthylethelene diamine to yield a coloured diazo product that absorbs strongly 
at 540 nm. Image adapted from (Bryan & Grisham 2007). 

Results are expressed as the nitrite production percentage compared with the respective 

control (with or without LPS). The NO concentration was calculated by comparison with 

a NaNO2 (0–100 µM) standard curve. The results were expressed as inhibition of NO 

production compared to the control (LPS) using:   

Equation 4 NO production (%to LPS): 

                NO production (%to LPS) = ([nitrite]t*100)/[nitrite]c                                     

where [nitrite]c and [nitrite]t is the nitrite concentration in the LPS control group and test 

sample, respectively. Under the same experimental conditions, cell viability was 

evaluated by conducting MTT assay. MTT assays were performed to simultaneous 

evaluate the cytotoxic effect of tested compounds toward RAW 264.7 cells with and 

without LPS. Briefly, after transferring 100 µL of media to 96-well plate to measure NO 
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production, MTT solution was added to each well, and cells were further incubated at 

37°C for 3-4 h as described above (2.6. Cell culture and treatments). 

2.8.2 Assessment of TNF-α expression  
Tumor necrosis factor alpha (TNF-α) expression was assessed using the murine TNF-α 

enzyme-linked immunoabsorbent assay (ELISA) development kit (Peprotech, US). For 

this study, 3.5 × 104 macrophages/well were cultured in 48-well plates, then treatments 

were added with or without LPS (1µg/mL).  

Figure 15. Schematic diagram of Sandwich ELISA assay utilized to detect TNF-α. 
(i) Capture antibody specific affinity for murine TNF- α was attached to 96-well plate. (ii) Sample 

is added to the well and the target protein (TNF-α) is captured by the ligand. (iii) A detection ligand 

that also binds to the target protein (TNF-α) is added to the well and creates a “sandwich” with 

two ligands surrounding the target protein. (iv) Streptavidin protein with a horse radish peroxidase 

(HRP) is added to the well. The streptavidin binds to the biotin end of the detection ligand. (v) 

then, the TMB (HRP substrate) is added to the well and a blue coloured product is produced that 

can be detected with a spectrophotometer. 

Briefly, TNF-α concentration was quantified according to the folowing protocol (Figure 

15) : 

(i) Plate preparation: 100μL of the capture antibody (Polyclonal Rabbit Anti-

Murine TNF-α, 0.50μg/ml in PBS) were added to each ELISA plate well, the 

plate was sealed and incubated overnight at room temperature. Then, the 

wells were washed (0.05% Tween-20 in PBS) three times and incubated with 

300 μL of blocking buffer (1%BSA in PBS) for at least 1 hour at room 

temperature. 

(ii) Sample incubation : 100μL of sample were added to each well in triplicate, 

and incubated at room temperature for at least 2 hours. 

(iii) Detection : the wells were aspirated and washed at least four times. Then 

100μL of detection antibody (Biotinylated Rabbit Anti-Murine TNF-α, 

0.25μg/ml in diluent) were incubated at room temperature for 2 hours. 
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(iv) Streptavidin-HRP Conjugate: the wells were aspirated and washed at least 

four times. Then 100μl of Streptavidin-Horseradish Peroxidase (HRP) 

(0.025ug/ml in diluent) were added to each well and incubated for 30 minutes 

at room temperature. 

(v) TMB (3,3’,5,5’-tetramethylbenzidine) Liquid Substrate: the wells were 

aspirated and washed at least four times. Then 100μl of substrate solution 

(room temperature) was added to each well and Incubated at room 

temperature for color development for 20 minutes. Colour development was 

measured with an ELISA plate reader at 410nm, and with wavelength 

correction set at 650nm. 

2.9 Fluorescent staining of actin  
Previous studies have described an important role that cytoskeleton f-actin 

reorganization/remodelling plays in mediating inflammatory markers production in 

response to LPS stimulation (Ion et al. 2015, Isowa et al. 1999).  

Briefly, RAW 264.7 macrophages grown on glass coverslips were stimulated with LPS 

for 24h to induce inflammation. The cells were fixed in buffered 4% formaldehyde for 10 

min, permeabilized with Tris buffered saline (TBS) containing 0.5% Triton X-100 for 30 

minutes, and then blocked in TBS containing 10% of horse serum (NHS) for 1 h. The 

cells were incubated for 40min with phalloidin-FITC (fluorescein isothiocyanate) (10 

μg/ml; Sigma-Aldrich Co.) diluted 1:50 in TBS. After incubation, the coverslips were 

washed three times in TBS and transferred to glass slides. Cells were mounted using 

Vectashield mounting medium containing 4',6-diamidino-2-phenylindole (DAPI). The 

cells were then imaged using an Olympus IX70 fluorescence microscope. Samples were 

excited at 496 nm and 350 nm wavelength respectively for FITC and DAPI channels.  

2.10 Statistical analysis 
The statistical significance of differences between means was determined by first testing 

for global differences by one- or two-way analysis of variance (ANOVA). Experimental 

results were considered statistical significant at 95 % confidence level (*p<0.05).  When 

a P value of <0.05 was found, multiple comparisons post-test was performed to compare 

treatment groups with control group. All analyses were run using the Graph Pad Prism® 

software (Version 6.0; GraphPad Software, Inc., San Diego, CA). According the 

software, statistical difference was very significant (**p<0.05), and extremely significant 

(***p=0.001 to 0.01) or (****p<0.001). Data are the mean± standard deviation (SD) of 

three replicate cultures, and at least two independent experiment (n≥2). 



50 



51 

3. Results 
In this study, an anti-inflammatory eluting implant model system was developed and 

characterised: TiO2 particles were chosen as model system to mimic the implant titanium 

surface. DEX, a synthetic glucocorticoid approved by FDA and clinically used to 

modulate the inflammatory reaction (Holte & Kehlet 2002), was chosen as a model drug 

because of its potential use to modulate inflammatory events in TJR. The main 

advantage of this model system is that can be easy translated to clinical application; 

since all the surface modification performed on TiO2 particles can be applied on clinically 

used TJR, made of titanium and titanium alloys. Besides, DEX will be directly release 

from implant surface rather than systemically, reducing unnecessary side effects. For 

this purpose, the surface of TiO2 particles was functionalised to attach DEX by using 

different synthetic routes, amino, mercapto and Layer-by-Layer (LbL) routes. In this 

chapter, the results regarding the synthesis and characterization of the model system, 

DEX-loaded functionalised TiO2 particles, were described (Figure 16).  Including 

chemical reactions scheme for each synthetic route, surface charge, fourier transform 

infrared-spectroscopy (FT-IR), thermogravimetric analysis (TGA), drug loading and 

entrapment efficiency, DEX release profile, and charge/size/morphology of the 

functionalized and DEX-loaded particles.  

Figure 16. Summarised scheme of (a) synthetic routes, (b) characterization 
methods and (c) biological studies performed to study the anti-inflammatory-drug 
eluting model system, DEX-loaded functionalised TiO2 particles. 
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Moreover, further biological studies were performed to test the cytotoxic and anti-

inflammatory efficacy of the model system. A robust, rapid and reproducible in vitro 

mouse macrophage-like cellular model, utilizing RAW 264.7 cells was hence employed. 

In this model a component of bacteria wall, LPS, was used to activate the Raw 264.7 

macrophages, resulting in the secretion of inflammatory mediators including nitric oxide 

(NO) and tumour necrosis factor alpha (TNF-α). The suppression of which was utilized 

to investigate anti-inflammatory effect of DEX released from functionalised-TiO2

particles. Being respectively a pro-inflammatory mediator and a pro-inflammatory 

cytokine, NO and TNF-α, which high production has been associated with chronic 

inflammation (Parameswaran & Patial 2010, Zamora et al. 2000), their expression 

provide noteworthy information about the level of inflammation  Therefore, by 

simultaneously assessing NO and TNF-α expression in LPS-activated macrophages, it 

was possible to get further insight about DEX anti-inflammatory mechanism of action. 

This was combined with assessment of cell viability to exclude the decrease of 

inflammatory mediators due to drug-induced toxicity. 

3.1 DEX amino-functionalized particles 

3.1.1 Chemical reactions 
When amino route was utilized, TiO2 particles were first functionalized with amine groups 

(-NH2) and then with carboxylic groups (-COOH). Initially the TiO2 inorganic surface was 

modified with silane agent, APTS, to give terminal amines (-NH2) (Schematic Reaction 

1. Figure 17). After that, succinic anhydride was added to the reaction (Schematic 

Reaction 2. Figure 17), to obtain particles with carboxylic-functionalized surface (-

COOH-TiO2). As previously described, (Wu et al. 2011), the carboxylic acid group arises 

from the ring opening of succinic anhydride through a reaction with the amine group (-

NH2) on the surface of the TiO2 particles, creating an amide bond, as previously 

described (Hermanson 2013, Zhao et al. 2014). The attachment of this –COOH is 

of outmost importance to obtain successful drug loading, since it will act as a binding site 

to DEX. 
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Figure 17. Schematic of reaction regarding carboxyl-TiO2 particles 
functionalization, using amino route. Functional groups on TiO2 particles are 
highlighted with blue colour. 

Finally, DEX was then added to the succinilated-TiO2 particles, to obtain Dex-loaded TiO2

particles, with (conjugated) or without adding EDC/Sulfo-NHS (adsorbed) (Figure 18). 

Figure 18. Schematic of reaction regarding DEX loading into carboxyl- 
functionalized TiO2 particles using amino route. Functional groups on TiO2

particles are highlighted with blue color. 
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NHS/ EDC cross-linking agent was added as an attempt to improve the reaction 

efficiency, and stability of the bond formed between DEX and –COOH-TiO2 surface 

(Hermanson, 2013b). Several reports describe the successful attachment of 

biomolecules, such as peptides (Bartczak & Kanaras 2011), collagen (Cao & Xu 2008) 

and heparin (Wissink et al. 2001) to delivery systems. Mainly due to EDC/Sulfo-NHS 

superior properties i.e. biocompability and non-cytotoxicity in vivo and in vitro when 

compared to other to cross-linking agents such as glutaraldehyde. As can be seen in 

Figure 19, EDC and sulfo-NHS have different roles during DEX attachment. EDC is 

responsible for the activation of carboxyl groups, from EDC and carboxyl acid interaction 

arises the reactive o-acylisourea intermediate that when attacked by a hydroxyl 

nucleophile it will form an ester bond. Although o-acylisourea is very labile/unstable, so 

it can be attacked by other nucleophiles such as the oxygen atoms from H2O, thus 

cleaving-off this intermediate and inactivating EDC.  

Figure 19. EDC and Sulfo-NHS role during DEX attachment. EDC activates the 
carboxyl groups, from EDC and carboxyl acid interaction arises the reactive o-
acylisourea ester intermediate. Then, when added to the reaction Sulfo-NHS 
increases water solubility due to the presence of the charged sulfonate group, and 
thus a more stable intermediate ester is created. 

Due this reason sulfo-NHS is added to the reaction, to improve EDC efficiency and 

reaction stability (Conde et al. 2014) by forming a very hydrophilic and stable 

intermediate ester with –COOH on surface of TiO2 particles. Then in presence of hydroxyl 

nucleophiles from DEX, this intermediate ester is easily hydrolyzed allowing the 

formation of ester bond (Bartczak & Kanaras 2011, Hermanson & Hermanson 2013) 
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between DEX and activated carboxyl groups on TiO2 particles surface. Moreover due to 

the ease removal of the reaction by-products, coupling of DEX is obtained under 

physiologic conditions and without adding extra chemical entities or organic solvents to 

the TiO2 particles (Everaerts et al. 2008).  

3.1.2 Determination of morphology and average size  
A detailed examination of the morphology of the DEX-loaded TiO2 particles and the 

distribution of their size were investigated by transmission electron microscopy (TEM). 

TEM images of the bare functionalised-TiO2 particles and functionalized ones with and 

without DEX (Figure 20) were taken to determine the shape/structure and size of the 

particles after each step of functionalization. 

Figure 20. Transmission electron microscopy (TEM) different surface-modified 
TiO2 particles: (a) TiO2 particles, (b) amino-functionalized, (c) carboxyl-
functionalized and (d) DEX conjugated-loaded TiO2 particles for amino route. 

The TEM image of uncoated TiO2 particles show that these particles have a very small 

size of around 20-25nm diameter with a narrow size distribution. Moreover, they show a 

cubical and spherical-like shape with dense core (Figure 20.a) which is characteristic of 

TiO2 particles.  We then observed the morphology and size of the particles after each 

step of functionalization (amino, carboxyl and DEX loading). As shown in  Figure 20 (b. 

c. and d.) the particles did not present obvious morphological changes, after different 

steps of surface modification, including DEX loading. 
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Table 5. Average size values of particles after each functionalization step, for 
amino route. Data are the mean ± standard deviation (SD) of two independent 
experiments (n=2). 
Sample Average size (nm) ± SD 

Tio2-particles 32.7±5.6 

Amino-functionalised particles 31.0±5.2 

Carboxyl-functionalised particles 36.4±6.4 

DEX-loaded particles 41.5±3.5 

The average size of TiO2 particles after each step of functionalisation (e.g. amino-

functionalised vs TiO2 particles, or DEX-loaded vs carboxyl-functionalised particles) was 

also investigated (Table 5). Results showed that minor differences were observed when 

comparing the size of bare TiO2-particles with that of functionalised-ones. The most 

significant (p<0.05) difference in size was observed when comparing TiO2-particles 

(32.7±5.6nm) with DEX-loaded ones (41.5±3.5nm), where increase of ~9nm was 

observed. Moreover, aiming to complement the study of particles morphology and 

dispersion/aggregation (Pereira-da-silva & Ferri 2017, Singh 2016) after each step of 

functionalisation, scanning electron microscopy was also utilised (Figure 21). 

Figure 21. Scanning electron microscopy (TEM) different surface-modified TiO2

particles: (a) TiO2 particles, (b) amino-functionalized, (c) carboxyl-functionalized 
and (d) DEX conjugated-loaded TiO2 particles for amino route. 
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SEM images showed that after each step of functionalisation, the TiO2 particles 

maintained the spherical morphology, where no visible aggregation was observed, when 

compared to the bare-TiO2 particles. 

3.1.3 Zeta Potential measurements 
Zeta potential measurements were utilized to assess the attachment of organic groups 

i.e.–NH2, -SH, -COOH, after each step of TiO2 particles functionalization, including DEX 

loading.  

Figure 22. Zeta potentials of different surface-modified TiO2 particle suspensions 
at different pH values. Data are the mean ± standard deviation (SD) of two 
independent experiments (n=2). Standard deviation is less than 5% of mean value.

Figure 22 shows that surface potential of TiO2 particles differ after each step of 

functionalization. Additionally, it can be observed that for all functionalized particles, zeta 

potential versus pH conditions is consistent, following the same trend: as pH becomes 

more basic, decrease on surface potential is observed, on the other hand the highest 

surface potentials are observed under more acidic pH conditions. Moreover, after amino-

functionalization, the surface charge of the modified-TiO2 particles was more positive 

when compared with bare TiO2 particles, for all pH values tested (4-6 pH range). As for 

succinic anhydride-TiO2 particles and DEX loaded particles, lowest surface potentials 

were observed especially for more alkaline pH values (Figure 22). Particularly, Dex-

functionalised-TiO2 particles conjugated present a more negative zeta potential (-

25.8±0.8 mV) when compared to Dex-TiO2 particles adsorbed (-17.8±0.9 mV) 
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3.1.4 Fourier Transformed infrared spectroscopy (FT-IR) 
FT-IR was used to assess the chemical groups present on the surface of TiO2 particles 

after each functionalization step. The spectra of bare-TiO2 particles and functionalized 

ones (i.e. with APTS, succinic anhydride and DEX) are shown in Figure 23. Firstly, it can 

be observed that all the peaks between 400 and 700 cm−1 (Figure 101,  

I. Appendix) are to bending and stretching mode of Ti–O–Ti in TiO2 particles. Particularly,  

the  intense peak which appears in the vicinity of 500 cm−1 is attributed to the stretching 

vibration of Ti–O–Ti in anatase morphology (Bagheri et al. 2013, Zhao et al. 2012). In 

addition, the spectrum of bare-TiO2 particles showed a broad band appearing at 3100–

3600 cm–1 which is assigned to vibrations of hydroxyl groups (O-H) on TiO2 surface  

(Bach et al. 2013, Gao et al. 2004, Vuk et al. 2005).  

As for spectrum of functionalised-TiO2 particles, new bands which could not be observed 

in the spectrum of bare-TiO2 particles were detected. For example, the presence of 

bands at ~3000 and 2857 cm−1 which can be respectively assigned to the methyl (C–H 

vibration) of methoxy (OCH3) and methylene (CH2) groups. 

Figure 23. FT-IR spectra for different steps of TiO2 nanoparticles functionalisation: 
bare-TiO2 particles (---), amino-functionalised TiO2 particles (---), carboxyl-
functionalised TiO2 particles (---), and DEX-loaded TiO2 particles (---).   

Moreover, for amino and carboxyl functionalised TiO2-particles (Figure 24) a new peak 

was observed at ~950cm−1 which is characteristic of Si-O chemical bonds. Also, the 

broad band appearing at 3100–3600 cm-1 which is assigned to vibrations of hydroxyl 

groups (OH) on TiO2 surface is less visible for particles functionalised with APTS.  
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Figure 24. FT-IR spectra for different steps of TiO2-particles functionalisation 
using amino route: bare-TiO2 particles (---), amino-functionalised TiO2 particles (--
-), carboxyl-functionalised TiO2 particles (---).  *Amino-functionalization was obtained 

using APTS ** Carboxyl functionalization was obtained using succinic-anhydride.

Particularly after APTS-functionalisation, when compared to bare-TiO2 particles new 

peaks can be observed at ~3000 cm-1, ~1800 cm-1 and ~1350 cm-1, which can be 

assigned to N-H and C-N bending and stretching bonds. Similarly, in the spectra of 

functionalised-TiO2 particles with succinic anhydride, new visible peaks which can be 

assigned to the carboxyl group were observed. For example, the presence of a broad 

band around ~3100–3600 cm-1 for (hydroxyl groups) (OH) on TiO2 surface. And the two 

new strong peaks between 1600-1800 cm-1, which are characteristic of C=O stretching 

vibration.  Moreover, it is worth to note that the peak at ~1350 cm-1 was not observed for 

carboxyl-functionalised TiO2 particles. Although the FT-IR equipment was not sensitive 

enough to detect the characteristic peaks/bands observed for DEX (as observed in pure 

DEX, Figure 103), it was clear that a different FT-IR spectra was observed for DEX-

loaded particles; such as the presence of strong band around 3100–3600 cm1 and at 

~1600-1800 cm-1, respectively suggests the presence of C=O stretching vibration band 

and of hydroxyl groups (OH) on TiO2 surface. Furthermore, the two sharp peaks 

observed in the region of 1050-1160 cm-1 and 1185 cm-1, 1277cm-1 for both carboxyl and 

DEX-loaded functionalised particles can be attributed to the symmetrical and 

asymmetrical stretching frequencies of the C-O ester groups. 
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3.1.5 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) was performed assess the organic functionalization 

(e.g. amine, carboxyl and DEX attachment) of TiO2 particles surface. The TGA analysis 

of the different functionalization steps of TiO2 particles are shown in Figure 25. TGA 

studies were only performed for the conjugated DEX-loaded TiO2 particles surface, 

mainly because these particles showed better results in terms of drug attachment (3.1.3 

Zeta Potential measurements). 

Figure 25. Thermogravimetric curves for the different surface-modified TiO2 

particles: TiO2 particles, amino (NH2)-TiO2, carboxyl-(COOH) TiO2 particles, and 
Dex-TiO2 particles conjugated. Data are the mean ± standard deviation (SD) of two 
independent experiments (n=2). 

The TGA profile of TiO2 particles after each functionalization step revealed an initial 

weight loss (~1%) at about 100°C, which is normally attributed to the evaporation of 

adsorbed water from the samples (Ganesh & Lee 2013). Due to this reason, the organic 

content of each sample (Table 6) was calculated based on the weight loss beyond 

100°C, that truly corresponds to the combustion of organic species (Yodyingyong et al. 

2011).  
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Table 6. Percentage of organic material in functionalized-TiO2 particles at each 
step of the amino-route synthesis. Data are the mean ± standard deviation (SD) of 
two independent experiments (n=2). *Amino-functionalization was obtained using 

APTS ** Carboxyl functionalization was obtained using succinic-anhydride.

Samples Organic content (%) 
TiO2 particles 1.5±0.1 

Amino-TiO2 particles 6.1±0.3 

**Carboxyl-TiO2 particles 9.2±2.6 

Dex-TiO2 particles conjugated  14.8±0.1 

Results obtained from TGA analysis (Table 6) show an increase of organic content after 

amino and carboxyl functionalization when compared with organic content of TiO2

particles (1.54%):  6.05% for amino-TiO2 particles and 9.16% for carboxyl-functionalized 

TiO2 particles. Moreover, the same behaviour was observed for DEX loaded particles, 

where an increase of organic content of approximately 6% was detected when compared 

to carboxyl-functionalized TiO2 particles.  

3.2 DEX mercapto-functionalized particles  

3.2.1 Chemical reactions 
Mercapto route, was another strategy to obtain DEX loaded-functionalised-TiO2

particles. When this route was used, instead of an amine group, a thiol group (-SH) was 

initially immobilized onto the surface of TiO2 particles (Figure 26). In more detail, the 

synthesis of DEX functionalised-TiO2 particles was achieved using a two-step surface 

functionalization process. Firstly, TiO2 particles were mixed with MPTMS to immobilize 

the thiol groups (-SH) on the surface of TiO2 (Schematic Reaction 1. Figure 26). As 

previous reported (Bach et al. 2013) this reaction results from the interaction between 

the hydroxyl (-OH) group present on the TiO2 surface and triethoxysilane group of 

MPTMS. Consequently, to obtain carboxylic-functionalized TiO2 particles (-COOH-TiO2), 

pentanoic-acid was added to the reaction (Schematic Reaction 2. Figure 26). This 

reaction is the same described for amino route (3.1.1. Chemical reactions), but in this 

case the carboxylic acid group arises from the addition of pentanoic-acid to the reaction. 

Once more, carboxyl (–COOH group) will act as a binding site to attach DEX. 
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Figure 26. Schematic of reaction regarding carboxyl-TiO2 particles 
functionalization, using mercapto route. Functional groups on TiO2 Particles are 
highlighted with blue colour. 

Finally, DEX was then added to the carboxyl-functionalized TiO2 particles, to obtain DEX-

loaded Functionalised-TiO2 particles, with (conjugated) or without adding EDC/Sulfo-

NHS (adsorbed) (Figure 27). 
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particles are highlighted with blue colour. 
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3.2.2 Determination of morphology and average size  
A detailed examination of the morphology of the DEX-loaded functionalised-TiO2

particles obtained via mercapto route, and the average size of the particles was 

investigated by TEM. With this aim, TEM images of the uncoated TiO2 particles and 

functionalized ones (Figure 28), were taken after each step of functionalization.   

Figure 28. Transmission electron microscopy (TEM) different surface-modified 
TiO2 particles: (a) TiO2 particles, (b) mercapto-functionalized, (c) carboxyl-
functionalized and (d) DEX conjugated-loaded TiO2 particles for mercapto route.  

TEM picture of uncoated TiO2 particles show that these particles have a spherical like-

shape, and very small size of around 30-35nm diameter with a narrow size distribution. 

Then the morphology and size of the particles after each step of functionalization (amino, 

carboxyl and DEX loading) was observed. As shown in Figure 28 (b. c. and d.) the 

particles did not present obvious morphological changes after different steps of surface 

modification, including DEX loading 
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Table 7. Average size values of particles after each functionalization step, for 
mercapto route. Data are the mean ± standard deviation (SD) of two independent 
measurement (n=2). 

Sample Average size (nm) ± SD 

Tio2 particles 32.7±5.6 

Mercapto-functionalised particles 38.9±9.7 

Carboxyl-functionalised particles 44.2±7.5 

DEX-loaded particles 44.9±10.4 

Moreover, the average size of particles after each functionalization step was estimated 

(Table 7).  

Figure 29. Scanning electron microscopy (TEM) different surface-modified TiO2

particles: (a) TiO2 particles, (b) amino-functionalized, (c) carboxyl-functionalized 
and (d) DEX conjugated-loaded TiO2 particles for mercapto route. 

It can be observed that when comparing the average size after each step of 

functionalisation (e.g. mercapto-functionalised vs TiO2 particles, or DEX-loaded vs 

carboxyl-functionalised particles), the average size does not show significant differences 

(p<0.05), except after carboxyl-functionalisation and DEX loading steps where the 

average size shows a significant increase (p<0.05) of ~12nm was observed when 

compared with bare-TiO2 particles. Moreover, aiming to complement the study of 

particles morphology and dispersion/aggregation (Pereira-da-silva & Ferri 2017, Singh 
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2016) after each step of functionalisation, scanning electron microscopy was also utilised 

(Figure 21). SEM pictures showed that after each step of functionalisation, the TiO2

particles maintained the spherical morphology, where no visible aggregation was 

observed when compared to the bare-TiO2 particles. 

3.2.3 Zeta potential measurements 
Zeta potential after each step of TiO2 particles functionalization, including DEX loading,

was measured to assess the changes in surface charge after the attachment of new 

organic groups i.e.–NH2, -SH, -COOH. As depicted in Figure 30 a consistent behavior 

was observed for all functionalized-TiO2 particles, where zeta potential measurements 

are pH-dependent: the highest surface potentials are verified at low pH conditions, 

whereas when pH increases the zeta potentials are lower.  

Figure 30. Zeta potentials of different surface-modified TiO2 particle suspensions 
at different pH values. Data are the mean ± standard deviation (SD) of three 
independent measurement (n=3). Standard deviation is less than 5% of mean 
value.

After thiol-functionalization, the surface charge of the modified-TiO2 particles was more 

positive when compared with bare TiO2 particles. Furthermore, after pentanoic-acid 

conjugation, an unexpected result was observed, where COOH-TiO2 particles show a 

negative zeta potential, higher than the one observed at DEX-loaded particles (Figure 

30). Although this behavior was not observed at pH=7, where the DEX-conjugated 

loaded particles presented a more negative surface charge (-27.8±0.6) than the 
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functionalised COOH-TiO2 particles (-21.6±1).  Regarding Dex-Functionalised-TiO2

particles, conjugated (-27.8±0.6) exhibit a more negative zeta potential when compared 

to Dex-adsorbed ones (-17.8±0.9) mV for all pH values. 

3.2.4 Fourier Transformed infrared spectroscopy (FT-IR) 
Figure 31 shows the FT-IR spectrum of bare TiO2 particles and functionalised-particles 

ones (i.e. with MPTES, pentanoic-acid and DEX) using mercapto route. Firstly, it can be 

observed that all the peaks bellow 700 cm−1 (Figure 102, appendix section) are 

characteristic from TiO2 particles. Particularly, the intense peak which appears around 

500 cm−1 is attributed to the stretching vibration of Ti–O–Ti in anatase morphology. In 

addition, spectrum of bare-TiO2 particles shows a broad band appearing between 3100 

and 3600 cm–1 which is assigned to vibrations of hydroxyl groups (-OH) which are 

present on the surface of TiO2 particles. 

Figure 31. FT-IR spectra for different steps of TiO2-particles functionalisation 
using mercapto route: bare-TiO2 particles (---), mercapto-functionalised TiO2

particles (---), carboxyl-functionalised TiO2 particles (---). and DEX-loaded TiO2

particles (---). * Mercapto-functionalization was obtained using MPTES ** Carboxyl 

functionalization was obtained using 4-pentanoic-acid.

When comparing bare-TiO2 particles with the ones functionalised with mercapto-silane 

(MPTES), the band corresponding to thiol (SH) group could not be clearly observed 

(Figure 32) due to relative low content of thiol and poor sensitivity of IR to this functional 

group. However, other new bands were observed at ~3000 cm-1 and 2800 cm-1, which 

are attributed to the C–H stretch of methylene of the alkyl chain. 
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Figure 32. FT-IR spectra for different steps of TiO2-particles functionalisation 
using mercapto route: bare-TiO2 particles (---), mercapto-functionalised TiO2

particles (---), carboxyl-functionalised TiO2 particles (---). * Mercapto-

functionalization was obtained using MPTES ** Carboxyl functionalization was obtained 
using 4-pentanoic-acid. 

The other visible peaks between 900 and 1100cm−1 are due to Si–O–Si and Si–O 

stretching vibrations, Additionally, the O–H broad peak (3100–3600 cm-1) which 

appeared in the spectrum of bare-TiO2 particles, is less visible, which coincides with a 

decrease in the hydroxyl groups due to the attachment of the MPTES. As for carboxyl 

and DEX functionalisation, the FT-IR equipment was not sensitive enough to detect the 

characteristic peaks/bands. Although different FT-IR spectra was observed, particularly 

a broad peak between 3100–3600 cm-1 is visible, which coincides with the increased 

presence the hydroxyl groups (O–H) due to the attachment of COOH functional and OH 

groups on surface of functionalised-TiO2 particles. 
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3.2.5 Thermogravimetric analysis (TGA) 
The TGA analysis of the different functionalization steps of TiO2 particles are shown in 

Figure 33. 

Figure 33. Thermogravimetric curves for the different surface-modified TiO2

particles: Bare TiO2 particles, mercapto-TiO2 and succinilated-TiO2 particles, and 
Dex-loaded-TiO2 conjugated particles. Data are the mean ± standard deviation (SD) 
of two independent experiments (n=2). 

Based on TGA results (Figure 33) the % of organic content present on the surface of 

TiO2 particles after each step of functionalization was calculated (Table 8). It can be 

observed that after each functionalization step there is an increased amount of organic 

content on the surface of TiO2 particles. Results show an increase of organic content 

after mercapto and carboxyl functionalization when compared with organic content of 

TiO2 particles (1.53%), 4.84% for mercapto-TiO2 particles and 5.37% for carboxyl-

functionalized TiO2 particles. 
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Table 8. Percentage of inorganic and organic material in functionalized-TiO2 

particles at each step of the mercapto-route synthesis. Data are the mean ± 
standard deviation (SD) of two independent experiments (n=2). *Mercapto-

functionalization was obtained using MPTMS ** Carboxyl functionalization was obtained 
using succinic-anydride.** Carboxyl functionalization was obtained using 4-pentanoic 
acid. 

Samples Organic content (%) 

TiO2 Particles 1.6±0.1 

Mercapto-TiO2 Particles 4.8±0.2 

**Carboxyl-TiO2 Particles 5.4±0.3 

Dex-TiO2 Particles conjugated 9.2±0.4 

Moreover, the same behavior was observed for DEX loaded particles, where an 

increase of organic content to approximately 9.23% was detected when compared to 

carboxyl-functionalized TiO2 particles (5.37% of organic content). 

3.3 LbL DEX-loaded particles 

3.3.1 Zeta Potential measurements 
Firstly, it is important to assess the charge density of the CH, ALG and DEX 

polyelectrolyte solutions that are going to be used during the different set of experiments 

(Table 9). This initial procedure is crucial to guarantee a successful LbL assembly. 

Table 9. Zeta potential values of polyelectrolyte solutions. Data are the mean ± 
standard deviation (SD) of three independent measurements (n=3). 

Polyelectrolyte solution Zeta Potential (mV) ± SD 

Alginate (ALG) solution (2mg/mL) -24.8±1.1   

Chitosan (CH) solution (2mg/mL) 19.3±1.5 

DEX solution (10mg/mL)  -9.2±1.2 

As can be seen in Table 9, CH and ALG/DEX solutions present opposite surface charge 

as required to begin the LbL assembly, which means that they can interact by 

electrostatic forces. Amino-functionalised-TiO2 particles (NH2-TiO2 particles), used as 

LbL template, presented a positive surface charge of +25.30 mV, as confirmed by zeta 

potential measurements (Figure 34). The positive value was due to ionized amino-groups 

that are on the surface of TiO2 particles. After ensuring all the necessary conditions, the 
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preparation of multilayer DEX-loaded-functionalised-TiO2 particles was assessed by the 

measurement of zeta potential values after the addition of each new polyelectrolyte layer. 

Zeta potential was measured for the different LbL approaches tested, experiment 1 

(Figure 34), and experiment 2.  

Figure 34. Zeta potential values during LBL assembly of ALG/CH layers and DEX 
onto amino-functionalised-TiO2 particles (NH2-TiO2 particles), using approach 
described in experiment 1. Data are the mean ± standard deviation (SD) of three 
independent measurements (n=3). 
The layer 0 represents the template used (NH2-TiO2 particles). Standard deviation 
is less than 5% of mean value.

Figure 35. Zeta potential values during LBL assembly of ALG/CH layers and DEX 
onto amino-functionalised-TiO2 particles (NH2-TiO2 particles), using approach 
described in experiment 2. Data are the mean ± standard deviation (SD) of three 
independent measurements (n=3). 
The layer 0 represents the template used (NH2-TiO2 particles). Standard deviation 
is less than 5% of mean value.
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It was observed that in experiment 1 (Figure 34) and experiment 2 (Figure 35) , the zeta 

potential measured followed the same trend. In general, the values alternate depending 

on the last adsorbed outer layer (n) on amino-functionalised TiO2 particles: starting from 

a positive potential of the template, the charge turned to positive after deposition of the 

positively charged CH and more negative value after deposition of the negatively 

charged ALG. Overall, for all approaches testes, upon adsorption of the 1st layer (ALG) 

the surface charge changed to a negative value (-20 to -30 mV). Subsequently, when 

the cationic polyelectrolyte (CH) was added the zeta potential turned to a positive value 

(+30 to +40 mV). Then, when the DEX layer (anionic polyelectrolyte) was added, the 

surface charge of particles remained positively charged (+5 to +10 mV). This lack of 

symmetric inversion in zeta potential, observed after DEX deposition, could be attributed 

to an incomplete coverage by DEX of the surface of functionalised NH2-TiO2 particles. 

On the other hand, it should be noted that when the ALG layer was added after the DEX 

layer (experiment 2, Figure 35) a more negative charge surface value was observed (-

23 mV), when compared to the ones observed for DEX deposition. 

3.3.2 Thermogravimetric analysis (TGA) 
The amount of organic content (%) on the surface of multilayer DEX-loaded-TiO2

particles, after the deposition of each new layer of alginate (ALG), chitosan (CH) and 

DEX was evaluated by thermogravimetric analysis (TGA) for experiment 1 (Figure 36, 

Table 10) and experiment 2 (Figure 37,Table 11). 

Overall, an increase of organic content (%) was observed after the addition of new layers. 

For example, for experiment 1 (Table 10), the organic content present on the particles 

surface after deposition of 10th layer was higher than the one observed for 9th,8th,7th,6th

and 5th layer. Although this increase on organic content was not constant or gradual, 

since the organic content (%) observed after 3rd and 4th layers deposition was higher 

than the one observed after the deposition of 10th layer (Table 10). Regarding the 

deposition of DEX layers, it can be observed that an increase on organic content of 

2.33%, 2.09% and 1.60% was, respectively, observed after the deposition of 3rd, 7th, and 

9th layers of DEX. 
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Figure 36. Thermogravimetric curves in multilayer DEX-loaded TiO2 particles after 
addition of a new layer of alginate (ALG), chitosan (CH) and dexamethasone (DEX) 
(experiment 1). Data are the mean ± standard deviation (SD) of two independent 
experiments (n=2). 

Table 10. Percentage of organic material in multilayer DEX-loaded TiO2 particles 
after addition of a new layer of alginate (ALG), chitosan (CH) and dexamethasone 
(DEX) (experiment 1). Data are the mean ± standard deviation (SD) of two 
independent experiments (n=2). 

Sample Organic content (%) 
TiO2 particles 2.5±0.1

NH2-TiO2 particles 4.6±0.1

1st Layer (ALG) 8.5±0.1

2nd Layer (CH) 9.7±0.1

3rd Layer (DEX) 12.1±0.2

4th Layer (CH) 12.1±0.2

5th Layer (DEX) 6.7±0.1

6th Layer (CH) 7.3±0.2

7th Layer (DEX) 9.4±0.3

8th Layer (CH) 8.0±0.4

9th Layer (DEX) 9.6±0.1

10th Layer (CH) 11.7±0.1
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Figure 37.Thermogravimetric curves in multilayer DEX-loaded TiO2 particles after 
addition of a new layer of alginate (ALG), chitosan (CH) and dexamethasone (DEX) 
(experiment 2). Data are the mean ± standard deviation (SD) of two independent 
experiments (n=2). 

Similar results were observed for experiment 2 (Table 11), where an increase of organic 

content was observed after deposition of 3rd (1.36%), 5th (1.52%) and 8th layer (0.67%) 

of DEX.  

Table 11. Percentage of organic material in multilayer DEX-loaded TiO2 particles 
after addition of a new layer of alginate (ALG), chitosan (CH) and dexamethasone 
(DEX) (experiment 2). Data are the mean ± standard deviation (SD) of two 
independent experiments (n=2). 

Samples Organic content (%) 
TiO2 particles 1.9±0.0 

NH2-TiO2 particles 6.0±0.0 

1st Layer (ALG) 12.5±0.1 

2nd Layer (CH) 12.7±0.3 

3rd Layer (DEX) 14.0±0.3 

4th Layer (CH) 14.8±0.4 

5th Layer (DEX) 16.3±0.1 

6th Layer (ALG) 17.1±0.3 

7th Layer (CH) 19.7±0.3 

8th Layer (DEX) 20.4±0.0 
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When comparing experiment 1 and 2,  it can be seen that only for experiment 2 (Table 

10, Table 11) a gradual increase of organic content (%) after the addition of each new 

layer was observed, where after the addition of 10 layers it was observed a weigh loss 

of approximately 20%, when compared to the TiO2 bare nanoparticles.   

Overall results showed that for approach utilized in experiment 2, particularly the 

increase of organic content (%) observed after each DEX layer deposition, together with 

zeta potential measurements (i.e. high surface charge values after each layer 

deposition), strongly suggests that this approach could be the most suitable to obtain 

reproducible and stable LbL-DEX loaded particles. Therefore, the subsequent studies 

(e.g. Size and morphology, FTIR, drug release profile and biological studies) was 

assessed with LbL particles prepared by approach described in experiment 2 
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3.3.3 Fourier Transformed infrared spectroscopy (FT-IR) 

FTIR was used to investigate the deposition of CH, ALG and DEX layers in DEX-

loaded functionalised TiO2 particles.  

Figure 38. FTIR spectra for CH/ALG multilayer DEX-loaded functionalised TiO2 

particles after each addition of (A) ALG/CH layers and (B) DEX layer. Amino-
functionalised TiO2 particles (---), ALG (1st Layer) (---), CH (2nd Layer) (---) and DEX 
(3rd layer) (---). The black arrow indicates the peak corresponding to the C-N bond 
on amino-functionalised TiO2 particles (---).  

Overall, FT-IR results showed that similar spectra were observed for CH/ALG multilayer 

DEX-loaded functionalised TiO2 particles after the addition of CH, ALG and DEX layers 

(Figure 38). As shown in Figure 38 the same peaks were detected for all LbL particles, 

including the broad band between ~3400-3200 cm-1, which is assigned to hydroxyl 

groups (O-H). As well as the double peak at ~2800 cm-1 which corresponds to the C=H 

stretching. It is worth to note that though a similar spectrum was observed after 

deposition of CH, ALG and DEX layer, the band at ~1350 which can be assigned to the 

C-N bond and was observed for amino functionalised particle was absent on the spectra 
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of DEX-loaded CH/ALG functionalised-TiO2 particles (Figure 38.B). Also, some new 

peaks were also observed when comparing the spectra of amino functionalised TiO2

particles with the one of CH/ALG multilayer DEX-loaded functionalised TiO2 particles; 

such as the strong peak observed at ~1650 cm-1 which belongs to the carbonyl group 

(C-O) stretching groups which are attributed to ALG and CH saccharide structure or 

characteristic group of DEX. Similar peaks were observed in the spectrum of pure 

(powder form) of CH, ALG (Figure 105, Figure 104), and DEX (Figure 103) 
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3.3.4 Determination of morphology and average size 
A detailed examination of the morphology of the DEX-loaded functionalised-TiO2 

particles obtained via LBL route (experiment 2), and their average size were investigated 

by TEM. With this aim, TEM images of amino-functionalized TiO2 particles with alginate 

(ALG), chitosan (CH) and DEX layers (Figure 39) were taken after deposition of each 

new layer. 

Figure 39.Transmission electron microscopy (TEM) of amino-functionalised-TiO2

particles with 2 multilayers of CH/DEX/ALG. Images are shown after addition of 
alginate (b,g), chitosan (c,e), and DEX (d,f) layers, for LbL route.   All images scale 
bar is 0.1 µm and 40nm for insets scale bar. 

It should be noted that, TEM image of amino-functionalised TiO2 particles was not 

included on Figure 39, because it was already showed in TEM results for amino route 

(Figure 20). 
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Table 12. Average size values of particles obtained via amino route after each new 
layer deposition on the template, amino-functionalized particles (NH2-TiO2 

particles). Data are the mean ± standard deviation (SD) of two independent 
measurements (n=2). 

Sample Average size (nm) ± 
SD 

Tio2 bare particles 32.7±5.6 

Amino-functionalized-Tio2 particles (NH2-TiO2 particles) 31.7±4.4 

(NH2-TiO2 particles) -ALG- 40.4±9.3 

(NH2-TiO2 particles) -ALG-CH 48.8±6.2 

(NH2-TiO2 particles) -ALG-CH-DEX 41.6±3.7 

(NH2-TiO2 particles) -ALG-CH-DEX-CH 38.6±5.3 

(NH2-TiO2 particles) -ALG-CH-DEX-CH-DEX 44.7±5.8 

(NH2-TiO2 particles) -ALG-CH-DEX-CH-DEX-ALG 38.3±4.4 

Additionally, the average size of particles obtained via LBL route was estimated (Table 

12). It can be observed that when comparing the average size of particles after the 

deposition of new layer (e.g. NH2-TiO2 particles vs (NH2-TiO2 particles)-ALG), the 

average showed significant differences (p<0.05). Although this increase on particles size 

was not constant or gradual, since the particles with more layers (~39nm for NH2-TiO2 

particles-ALG-DEX-CH-DEX-CH-ALG) showed a smaller average size than that of 

particles with less layers (~48nm NH2-TiO2 particles-CH-ALG).  
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3.4 DEX release profile 
The drug release profile of the DEX from functionalised-TiO2 particles obtained via 

different routes (amino, mercapto and LbL) was carried out at different pH values (5-7), 

and the presence of DEX on samples was quantified using HPLC. 

3.4.1 Amino-route 
Results revealed that, for most part of the conditions tested, pH=5, 6 and 7, the DEX was 

released within the first 24 hours (Figure 40). Moreover, the DEX released from amino-

functionalised TiO2 particles was pH-dependent: the highest concentrations of DEX were 

released at higher pH values, pH=7 (13.1 ±0.2 µg/mL) and pH=6 (13.8±0.3 µg/mL). While 

at more acidic conditions (pH=5) minor concentrations of DEX (2.8±0.1 µg/mL) were 

released.  

Figure 40. Cumulative release of conjugated DEX from functionalised-TiO2

particles obtained via amino route at different pH values (pH=5,6 and 7). Data are 
the mean ± standard deviation (SD) of two independent experiments (n=2). 
Standard deviation is less than 5% of mean value. 
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3.4.2 Mercapto-route 
In Figure 41 is shown the drug release profiles for functionalised-TiO2 particles obtained 

by mercapto route. For all the conditions tested (pH=5, 6 and 7) DEX was released from 

functionalised-TiO2 particles, within the first 24 hours. 

Figure 41. Cumulative release of conjugated DEX from functionalised-TiO2

particles obtained via mercapto route at different pH values (pH=5,6 and 7). Data 
are the mean ± standard deviation (SD) of two independent experiments (n=2). 
Standard deviation is less than 5% of mean value. 

Moreover, the release of DEX is pH-dependent, where the highest amount of DEX, 

7.5±0.1 µg/mL and 4.3±0.0 µg/mL, was respectively released at higher pH values, pH=7 

and pH=6. On the other hand, at more acidic conditions (pH=5) minor concentrations of 

DEX (1.8±0.0 µg/mL) were released.  
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3.4.3 Layer-by-Layer route 
The DEX release from functionalised-TiO2 particles obtained via LbL route was also 

investigated, and release profile at pH=6 and pH=7 (Figure 42, Figure 43) was plotted. 

Experimentally the release profile of DEX from the LbL-functionalised TiO2 particles 

portrays an initial release phase during the first 24 hours, followed by a constant release 

of DEX for at least 20 days; where a gradual decrease in the rate release was observed 

for both pH=6 (Figure 42), and pH=7 (Figure 43). Although constant, the pH conditions 

and number of layers deposited on the surface of TiO2 particles, particularly around DEX 

layer, significantly (p<0.05) affected DEX release profile. For instance, at pH=6 the total 

amount of drug released when DEX is the outer layer (DEX sample) was higher (1.1-1.3 

mg/mL), than the one released at pH=7 (0.6-0.8 mg/mL).  

Figure 42. Cumulative release of DEX from LbL-functionalised TiO2 particles at 
pH=6. The DEX release profile for functionalised TiO2 particles with different 
number and type of outer layers was investigated: for LbL particles where DEX 
was the outer layer (DEX (LbL 0) and DEX+CH+DEX (LbL 2) samples). And for 
particles where CH or ALG were the outer layers:  DEX+CH (LbL 1), 
DEX+CH+DEX+ALG (LbL 3) and DEX+CH+DEX+ALG+CH (LbL 4). Data are the 
mean ± standard deviation (SD) of two independent experiments (n=2). Standard 
deviation is less than 5% of mean value. 

Furthermore, for both pH=6 and pH=7, DEX released from functionalised-TiO2 particles 

where DEX was the outer layer, LbL 0 and LbL 2, was higher than the one released from 

particles where DEX layer was surrounded by CH/ALG layers, LbL 1, LbL 3 and LbL 4. 
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For example, at pH=7 (Figure 43), results showed the highest concentrations of DEX 

were released from LbL 0 (~1 mg/mL) and LbL 2 (~0.9 mg/mL). On the other hand, the 

smallest concentrations were released from LbL 1 (~0.85 mg/mL), LbL 3 (~0.56mg/mL) 

and LbL 4 (~0.53mg/mL). Similar trend was observed for DEX release at pH=6 (Figure 

42), where the higher concentrations of DEX were released for functionalised-TiO2

particles where DEX was the outer layer (LbL 0 and LbL 2 samples). 

Figure 43. Cumulative release of DEX from LbL-functionalised TiO2 particles at 
pH=7. The DEX release profile for functionalised TiO2 particles with different 
number and type of outer layers was investigated: for LbL particles where DEX 
was the outer layer (DEX (LbL 0) and DEX+CH+DEX (LbL 2) samples). And for 
particles where CH or ALG were the outer layers:  DEX+CH (LbL 1), 
DEX+CH+DEX+ALG (LbL 3) and DEX+CH+DEX+ALG+CH (LbL 4). Data are the 
mean ± standard deviation (SD) of two independent experiments (n=2). 

Moreover, independently of the pH conditions and for all LbL particles (LbL 0, LbL 1, LbL 

2 and LbL 4) it was observed that the concentration of DEX release from LbL particles 

decreased over time. Likewise, the highest concentrations of DEX were released during 

the initial 24h, whilst smaller concentrations were released in the following days (~20 

days).  Taking as example LbL 0 and LbL 4, the following concentrations of DEX were 

released at pH=6 (Figure 42) for LbL 0 (1.05, 0.8, 0.05 and 0.04 mg/mL), and for LbL 4 

(0.24,0.07, 0.06 and 0.04 mg/mL) respectively at 24h, 48h, 72h and 2 weeks. Similarly, 

at pH=7 (Figure 43) the following concentrations of DEX were released from LbL 0 (0.55, 

0.14, 0.12 and 0.05 mg/mL), and for LbL 4 (0.25, 0.06, 0.07 and 0.05 mg/mL), 

respectively at 24h, 48h, 72h and 2 weeks.  
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3.5 DEX Loading (%) and Entrapment Efficiency (%) 
The amount of DEX loaded onto functionalised-TiO2 particles, and respective 

encapsulation efficiency (EE%) were calculated for the different synthetic routes (Table 

13). Functionalised-TiO2 particles obtained by amino and mercapto presented very 

similar values for both drug content (~0.13mg of DEX/mg of functionalised-TiO2 particles) 

and encapsulation efficiency (~68%).  

Table 13. Drug loading and entrapment efficiency of DEX-loaded functionalised 
TiO2 particles prepared by amino, mercapto and LbL routes. Data are the mean ± 
standard deviation (SD) of two independent experiments (n=2). 

DEX-loaded TiO2 particles 
(Synthetic route) 

Loading (%) Entrapment efficiency (%) 

Amino route 13.6±0.2 68.1±0.1 

Mercapto route  13.6±0.0 67.9±0.2 

LbL route: Sample LbL 0 27.2±0.1 42.9±0.2 

LbL route: Sample LbL 4 40.5±0.1 50.6±0.2 

For LbL route, drug loading and entrapment efficiency were calculated for samples 0 

(DEX was the outer layer) and sample 4 (DEX was surrounded by 4 CH/DEX/ALG 

layers). This was performed because drug release studies (3.4.3 Layer-by-Layer route) 

have shown that the number of layers surrounding DEX-loaded functionalised TiO2

particles significantly affected the DEX release profile. Accordingly, results (Table 13) 

showed that when compared to sample 0, both encapsulation efficiency and drug loading 

were higher for sample 4. This difference was more evident for drug loading calculations 

(%), where an 0.35-fold increase of drug loading was observed for sample 4. 

3.6 Cellular viability studies 
The assessment of cytotoxicity of drug delivery systems is a central factor in the 

evaluation of novel systems for future in vivo applications. Although, before assessing 

the cytotoxicity of the model system, a preliminary study was performed to determine if 

the broths collected from drug release experiments and concentrations of DEX released 

from functionalised-TiO2 particles were potentially toxic to the Raw 264.7 macrophages. 

For this purpose, a range of DEX concentrations (3.9-100µg/mL), and the broths 

collected from drug release assay performed at pH=6 and pH=7 were exposed to Raw 

264.7 macrophages with and without LPS. The broths collected from drug release 

studies performed at pH=4 and pH=5 were not tested, due to the low cellular viability 

they caused when exposed to the cells ( 
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I. Appendix Figure 77). 

3.6.1. Preliminary studies on Raw 264.7 cells 

DEX 

The effect of DEX concentrations (3.9–100 µg/mL) effect on cellular viability was also 

assessed, with and without LPS (Figure 44). After 18h, 24h and 48h, DEX alone caused 

a significant (p<0.001) 264.7 Raw macrophages death of approximately 20-30%, as 

evaluated by MTT assay (Figure 44.A). This decrease on cellular viability was more 

evident when cells were exposed to a higher DEX concentration such as 40 and 100 

µg/mL. However, for the same concentrations of DEX (3.9–100 µg/mL), and in the 

presence of LPS after 18h, 24h and 48h, cell viability of RAW 264.7 macrophages were 

significantly (p<0.05) equal or higher than 100% relative to control (Figure 44.B). After 

72 hours, the DEX affected cellular viability in a dose-dependent manner for both cells 

treated with or without LPS (Figure 44). Accordingly, the cells treated with minor 

concentrations of DEX (3.9 and 10 µg/mL) showed the lowest (10-15% relative to control) 

or any decrease on cellular viability, respectively for Raw 264.7 macrophages without 

(Figure 44.A) or with LPS (Figure 44.B).On the other hand, Raw 264.7 cells treated with 

higher DEX concentrations (≥20 µg/mL), caused a higher cell death, 25-40% and 5-15%, 

respectively for cells without or with LPS. 

Drug release buffers 

Before exposing the cells to the DEX released from functionalised TiO2 particles (i.e. 

broths collected from drug release studies), preliminary studies were done to assess if 

the buffers utilized to perform the drug release studies, acetate buffer (pH=6) and PBS 

(pH=7), were potentially toxic to the macrophages. Therefore, Raw 264.7 cells were 

exposed to different concentrations (0-100%) of PBS (Figure 45). In this study, the 100% 

PBS means that cells were only treated with buffer, and 50% means the buffer was 

diluted (1:2) in DMEM media. 

For cells without LPS (Figure 45.A), results show that all concentrations of PBS tested, 

except 10%, caused a significant (p<0.05) decrease on the cellular viability, in a 

concentration-dependant manner, where the higher concentration of buffer tested (100% 

of PBS) caused a cell death of about 90%, relative to control.  However, for the same 

concentrations of PBS (10–100%), and in the presence of LPS (Figure 45.B), the cell 

viability of RAW 264.7 macrophages was overall higher than for cells without LPS. 

Particularly, when cells were exposed to higher PBS concentrations such as 100% and 

75%. Despite this fact, the same behaviour was observed for cell treated with or without 

LPS, where among all concentrations tested only 10% of PBS did not cause a significant 
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decrease (p<0.05) on cellular viability, showing almost the same behaviour as the LPS 

control group. The same trend was observed when LPS-activated Raw 264.7 cells were 

exposed to different concentrations (0-100%) of acetate buffer (pH=6), except after 72h 

exposure, where 10% acetate buffer caused a significant (p<0.05) but minor decrease 

of cellular viability when compared to control group ( 

I. Appendix, Figure 89,). 

Figure 44. Effect of DEX without (A) and with LPS (B) in cell viability. RAW 264.7 
macrophages were exposed to range of concentrations between 3.9 and 100 
μg/mL during 18h, 1day, 2 days and 3 days. Cell viability was assessed by MTT 
study done with 2 x10^4 cells /well. Data are the mean ± standard deviation (SD) 
of two independent experiments (n=2). 
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Figure 45. Effect of different concentrations of PBS, buffer utilized for drug release 
studies (pH=7), (A) with and (B) without LPS in cell viability. RAW 264.7 
macrophages were exposed to range of PBS concentrations (10-100%) diluted in 
DMEM media, for 18, 24, 48 and 72 hours. In the control group cells were only 
treated with DMEM. Data are the mean ± standard deviation (SD) of two 
independent experiments (n=2). 

Filtered versus non-filtered broths  

Results from preliminary studies with drug release buffers have shown that broths should 

be diluted on DMEM media up to a concentration of 10% before being added to the cells. 

This way, it can be guaranteed that anti-inflammatory effect of DEX released from 

functionalised-TiO2 particles will not be due to a decrease of cellular viability. Although, 

when the cells were exposed to the broths, it was observed that after 18h exposure some 

black spots were surrounding the cells (Figure 46.A). 
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Figure 46. The effect of A. non-filtered and B. filtered broths on the Raw 264.7 
macrophages after 18h-exposure was assessed by inverted microscopy. Dark 
spots are indicated by the white arrows. 

To assess the effect of these black spots (Figure 46.A), the cellular viability of cells 

exposed to non-filtered and filtered broths was investigated (Figure 47, Figure 48). 

Results obtained from MTT assay, showed that for most of the broths tested the cellular 

viability was significantly (p<0.05) higher when cells were exposed to filtered samples for 

both pH=6 and pH=7 (amino and mercapto routes). Overall ~ a 2-fold increase on cell 

viability was observed when comparing cells exposed to filtered broths over the unfiltered 

ones   (Figure 47, Figure 48). Even after 72 hours-exposure, the cells treated with the 

filtered broths presented a higher % of cellular viability. Particularly, the broths collected 

from drug release studies performed pH=7, where cellular viability was very similar 

(~85% cellular viability) to the one observed for the control group.  



88 

Figure 47. Effect of filtered and non-filtered broths, collected from drug release 
studies (Amino Route) performed at pH 6, in cell viability. RAW 264.7 macrophages 
were exposed to broths during (A) 18h, (B) 24h, (C) 48h and (D) 72 hours. Cell 
viability was assessed by MTT assay. In the control group cells were only treated 
with DMEM. Data are the mean ± standard deviation (SD) of two independent 
experiments (n=2). 

The same experiment was performed for LPS-activated cells (Figure 49). Similar results 

were found, overall the LPS-activated Raw 264.7 cells exposed to filtered samples 

showed significant (p<0.05) and higher cellular viability when compared to non-filtered 

ones. This behaviour was mostly observed after 72 hours, where the cells treated with 

filtered broths less than 25% of cell death relative to control. Particularly for cells exposed 

to filtered broth collected from pH=7 (Figure 50), in this case less than 10% of cell death 

was observed, when compared to the control. 
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Figure 48. Effect of filtered and non-filtered broths, collected from drug release 
studies (Amino Route) performed at pH 7, in cell viability. RAW 264.7 macrophages 
were exposed to broths during (A) 18h, (B) 24h, (C) 48h and (D) 72 hours. Cell 
viability was assessed by MTT assay. In the control group cells were only treated 
with DMEM. Data are the mean ± standard deviation (SD) of two independent 
experiments (n=2). 

Furthermore, as shown in Figure 46.B, filtered broths did not induce the black spots 

previously observed for cells treated with unfiltered samples. Hence, due to the 

significant higher cellular viability, all subsequent Raw 264.7 cells studies were 

performed using filtered samples and 1:10 media dilution (concentration of 10% in 

release buffer).  
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Figure 49. Effect of filtered and non-filtered broths, collected from drug release 
studies (Amino and mercapto route) performed at pH 6, in cell viability. LPS-
activated-RAW 264.7 macrophages were exposed to (A) 18h, (B) 24h, (C) 48h and 
(D) 72 hours. Cell viability was assessed by MTT assay. In the control group cells 
were only treated with DMEM. Data are the mean ± standard deviation (SD) of two 
independent experiments (n=2). 
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Figure 50. Effect of filtered and non-filtered broths, collected from drug release 
studies (Amino and Mercapto route) performed at pH 7, in cell viability. LPS-
activated-RAW 264.7 macrophages were exposed to (A) 18h, (B) 24h, (C) 48h and 
(D) 72 hours. Cell viability was assessed by MTT assay. In the control group cells 
were only treated with DMEM. Data are the mean ± standard deviation (SD) of two 
independent experiments (n=2). 

The same preliminary toxicity studies, for filtered and non-filtered samples, were 

performed for the broths collected from DEX-loaded functionalised-TiO2 particles 

obtained by LbL route ( 

I. Appendix, Figure 84, Figure 85). 
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3.6.2 Dexamethasone loaded functionalised-TiO2 particles  
The viability of cells exposed to DEX released from functionalised-TiO2 particles was 

investigated to exclude the decrease of inflammatory mediators i.e. TNF-α and NO, due 

to drug-induced toxicity.  The broths collected from drug release studies at pH=6 and 

pH=7 performed for functionalised-particles obtained via amino/mercapto (Figure 51) 

and LbL routes were exposed to LPS-activated Raw 264.7 macrophages, and cellular 

viability was assessed. 
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Figure 51. Effect of DEX, released from functionalised-TiO2 particles, in LPS-
activated RAW 264.7 cell viability. Cells were exposed to filtered broths collected 
at 24h time point (i.e. DEX released after 24h) during 18, 24, 48 and 72 hours. 
Broths were collected from drug release studies performed at (A) pH=6 and (B) 
pH= 7 for amino (24h amino) and mercapto (24h mercapto) routes. Cellular viability 
was assessed by MTT assay. 10%acetate buffer and 10%PBS buffer were 
respectively used as positive control for broths collected from release studies 
performed at (A) pH=6 and (B) pH= 7. Data are the mean ± standard deviation (SD) 
of two independent experiments (n=2). 
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Amino and mercapto routes 

Results obtained from MTT assay showed that the viability of cells exposed to DEX 

released from functionalised-particles was very similar (>90% cellular viability) to the one 

observed for the LPS control group (Figure 51) for both amino and mercapto routes. 

Except at 72h, where a higher decrease on viability, 7-11% relative to control group, was 

observed, for cell treated with DEX released at pH=6 (Figure 51.A). Although significant 

(p<0.05), when compared to control group, this decrease on cellular viability for 24h 

amino (~7%) and for 24h mercapto (~11%) was not as significant (p<0.05) as the one 

induced on Raw macrophages (~20%) treated with release buffer alone. 

LbL route 

The same preliminary cellular viability studies were performed for DEX released from 

functionalised TiO2 particles obtained by LbL route (experiment 2).  For this study 

samples were collected from release studies at pH=6 (Figure 52.A) and pH=7 (Figure 

52.B).  As drug release studies have shown that the concentrations of DEX released 

varied according to the number of layers surrounding functionalised TiO2 particles. 

Accordingly, the cells were exposed to DEX released from LbL-functionalised particles 

where DEX was the outer layer (LbL 0) or where DEX was surrounded by 4 CH/DEX/ALG 

layers (LbL 4). For clarity, different names were attributed to DEX-loaded functionalised 

TiO2 particles obtained by LbL route (experiment 2), where the names varied according 

to different CH ALG or DEX layers deposited around functionalised-TiO2 particles (Table 

14). 

Table 14. Sample names for DEX-loaded functionalised TiO2 particles obtained by 
LbL route.  CH, ALG and DEX in bold correspond to layers surrounding DEX-
loaded functionalised TiO2 particles. 

DEX-loaded functionalised TiO2 particles Sample name 

(NH2-TiO2 particles) -ALG-CH-DEX LbL 0 

(NH2-TiO2 particles) -ALG-CH-DEX-CH LbL 1 

(NH2-TiO2 particles) -ALG-CH-DEX-CH-DEX LbL 2 

(NH2-TiO2 particles) -ALG-CH-DEX-CH-DEX-ALG LbL 3 

NH2-TiO2 particles) -ALG-CH-DEX-CH-DEX-ALG-CH LbL 4 

For this set of experiments (Figure 52), cellular viability was assessed for broths collected 

from LbL-functionalised particles with 0 layers (DEX sample, LbL 0) and 4 layers 

(DEX+CH+DEX+CH+ALG samples, LbL 4), and collected at different time points (DEX 
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released at 24h and 48h). Mainly because drug release studies performed for LbL 

particles (pH=6 Figure 42, and pH=7 Figure 43) have shown that number of layers (CH, 

ALG and DEX) surrounding functionalised-TiO2 particles, significantly affected the DEX 

release profile (i.e. different release of DEX concentration for same time points).  

Figure 52. Effect of DEX released from functionalised-TiO2 particles, obtained via 
LbL route in LPS-activated RAW 264.7 cell viability. Cells were exposed to filtered 
broths collected at 24h and 48h time point (i.e. DEX released after 24 and 48h) 
during 18, 24, 48 and 72 hours. Broths were collected from drug release studies 
performed at (A) pH=6 and (B) pH= 7 for DEX-loaded particles surrounded by 0 
layers or 4 layers. Cellular viability was assessed by MTT assay. 10% acetate 
buffer and 10% PBS buffer were respectively used as positive control for broths 
collected from release studies performed at (A) pH=6 and (B) pH= 7. Data are the 
mean ± standard deviation (SD) of two independent experiments (n=2). 
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Therefore, we decided to investigate if the DEX released from functionalised-TiO2 

particles surrounded by 0 (LbL 0) or 4 layers (LbL 4) at different time points, will have a 

different effect in viability of Raw 264.7 cells.  

It can be seen in Figure 52, that after 18h and 24h exposure, DEX released from 

functionalised-TiO2 particles surrounded by 0 and 4 layers from both studies at pH=6 and 

pH=7 had minor effect on LPS-activated cells, with insignificant changes on cellular 

viability (>90%, relative to control). On the other hand, it was observed that after 48h and 

72h-exposure, the 48h-collected broths caused a small, but significant decrease on cells 

viability. Specifically, DEX released from functionalised-TiO2 particles surrounded by 0 

(48h 0 layer) and 4 layers (48h 4 layers) (pH=7 studies, Figure 52.B), respectively caused 

a minor decrease on cellular viability of 10 and 15% relative to LPS control group. 

Although significant (p<0.05), when compared to control group, this decrease on cellular 

viability was not as significant (p<0.05) as the one induced on Raw macrophages (~20%) 

treated with release buffer alone. 

3.7. LPS-activated 264.7 Raw macrophages: inflammation model  
Another important factor when assessing the anti-inflammatory activity of DEX-loaded 

functionalised-TiO2 particles, it is to obtain a reliable in vitro inflammatory model. In which 

LPS exposure will be able to induce inflammation i.e. allow measurable production of 

inflammatory markers such as nitric oxide (NO) and tumour necrosis factor alpha (TNF-

α). To obtain a reliable in vitro inflammation model, an appropriate cell density and an 

optimal LPS concentration should be utilized to assay NO and TNF-α production in 

culture. Mainly because if the cell density is not appropriated, the NO and TNF-α 

production might not be detectable in the cell media. As for LPS concentration, high dose 

could cause cell toxicity, and low concentration might not be enough to activate the 

macrophages. For this reason, cell density and LPS concentration were optimised to 

measure the production of inflammatory mediators in LPS-activated macrophages.  Due 

to rapidity and simplicity, the measurement of NO production by Griess reagent was 

utilized as screening tool for this optimisation study. Likewise, NO production was 

assessed when different cell densities and LPS concentrations were utilized to find out 

which experimental conditions would generate the more reliable results. The cellular 

viability of LPS-activated cells under different parameters (e.g. cell density and LPS 

concentration) was also investigated to complement the optimization of in vitro

inflammation model. 
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3.7.1 Optimal LPS concentration  
Aiming to optimize the LPS concentration to activate the macrophages, the cells were 

treated with different concentrations of LPS (ranging from 0.01 to 1µg/mL) to identify the 

optimal concentration of the stimulant. Particularly for this experiment, cells were seeded 

at a density of 1.5 x 104 cells/well on a 96-well plate, stimulated with LPS and then level 

of NO and TNF-α were analysed at different time points (18, 24, 48 and 72 hours). 

Overall, results showed (Figure 53) that LPS exposure caused a marked and significant 

increase in NO and TNF-α protein levels when compared to the unstimulated 

macrophages, which produced only very low amounts of TNF- α (<35 pg/mL) and NO 

(<20 μM/mL). As can be seen in Figure 53 both NO and TNF-α production follow a dose-

dependent and temporal pattern; where LPS concentration of 1µg/mL was the most 

powerful for Raw 264.7 macrophages activation.  
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Figure 53. A) Nitric oxide (NO) and TNF- α production upon exposure to different 
LPS concentrations (0.01-1µg/mL range) during 18, 24, 48 and 72 hours. In the 
control group cells were only treated with DMEM. For control group, standard 
deviation is less than 5% of mean value. Data are the mean ± standard deviation 
(SD) of two independent experiments (n=2). 



97 

These results were confirmed after visualising the cells morphology under the inverted 

microscope, where cells exposed to a higher LPS concentration (1µg/mL) showed a 

more dendritic-like morphology, typical of activated macrophages (Saxena et al. 2003) 

(Figure 54).For example (Figure 53), after 18h exposure only macrophages which were 

stimulated with the highest concentration of LPS (1 µg/ml) have shown to secrete a 

significant level of inflammatory NO and TNF-α proteins, respectively with an 

approximate~0.18 and ~68-fold increase when compared to control group. On the 

other hand, after long LPS-time exposure (72h), inflammatory protein levels were 

maximally elevated; LPS stimulated-cells secreted approximately 3000 pg/ml of TNF-α, 

and ~34 µM/mL of NO, respectively a ~100 and 1.1-fold increase when compared 

protein levels of the unstimulated control group.  

Figure 54. The effect of LPS (0.1 and 1 μg/mL) on the morphology of Raw 264.7 
macrophages after 24h exposure was assessed by inverted microscopy. 
Photographs were taken at magnification of x4 and x10 magnification. 

Moreover, results showed that LPS prepared from fresh stock solution instead of frozen 

one (Figure 86), was more effective i.e. higher NO production for Raw 264.7 

macrophages activation.  
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3.7.2 Optimal cell density 
Macrophage density is also an important parameter to regulate the magnitude of 

inflammatory markers production (Hosseini et al. 2014, Jacobs & Ignarro 2003). 

Therefore, aiming to optimize the seeding density of Raw 264.7 cells to be used for 

measuring inflammatory markers production, cells were seeded at different cell 

densities: 0.5 x 104cells/well, 1.5 x 104 cells/well, 2 x 104, and 2.5 x 104 cells/well in a 96-

well plate. The cells were treated with LPS concentration of 1 µg/ml, which according to 

our previous results (Figure 53, Figure 54), was the most effective concentration for 

optimal NO and TNF-α production, and then cell culture supernatant was analysed for 

NO levels using Griess assay. The data obtained (Figure 55) depicts the relationship 

between cell density and NO production on Raw 264.7 macrophages with and without 

LPS. As expected, the unstimulated Raw 264.7 cells produced minimal amount of NO, 

with the levels remaining lower than 20 μM/mL at all time points tested.  On the other 

hand, LPS-stimulated cells showed a higher NO production at 24, 48 and 72 hours when 

compared to unstimulated ones. 

Figure 55. Optimisation of Raw 264.7 cell in culture. Comparison of nitric oxide 
(NO) production (μM/mL) in cells without (left side of the graph) and with LPS (1 
μg/mL) (right side of the graph) during 18, 24, 48 and 72 hours, when different cell 
densities were utilized (0.5 to 2.5 x 104cells/well). Data are the mean ± standard 
deviation (SD) of two independent experiments (n=2). 

This trend was particularly observed for high cell densities (2.5 and 2 x 104 cells/well), 

where the LPS-induced NO production was significantly (p<0.05) enhanced, when 
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compared to the one observed for lower cell densities. In addition, the results showed 

that although the Griess reagent assay was not sensitive enough to detect the amounts 

of NO produced, a minor alteration on cell morphology (Figure 56) was observed for 

LPS-activated cells when lower cell densities were utilized (0.5 and 1.5 x 104cells/well), 

especially in the first 24 hours. 

Figure 56. The effect of LPS (1 μg/mL) on the morphology of Raw 264.7 
macrophages during 24, 48 and 72 hours-exposure was assessed by inverted 
microscopy, when different cell densities were utilized. White arrows indicate the 
dendritic-like cells, a distinctive feature of LPS-activated macrophages. 

The viability of cells treated with and without LPS for different cell densities, was also 

investigated, to evaluate if NO was being released due to LPS cytotoxicity (Figure 57). 

The viability of cells seeded at low density (0.5 x 104cells/well) was not assessed due to 

lower amount of NO detected (Figure 55), when compared to the others cell densities 

investigated (1.5 x 104, 2.0 x 104 and 2.5 x 104cells/well). Individual and more detailed 

graphs showing the viability of different cell density with and without LPS are shown in 

the appendix section ( 

I. Appendix. Figure 87). Results (Figure 57) showed that at 48h, the LPS-stimulated cells 

showed a higher cellular viability i.e. more metabolic active, when compared to the 

control. Except for the high cellular density utilized, 2.5 x 104cells/well, where microscope 

images showed that at 48h the cells start to be overconfluent. Only at 72 hours, a 

decrease on cellular viability was detected for all cell densities, although cellular viability 

was still high, where ~80% of cellular viability was observed for LPS-activated cells when 

compared to control group.  
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Figure 57. The effect of LPS (1 μg/mL) on the cell viability of Raw 264.7 
macrophages during 18, 24, 48 and 72 hours-exposure was assessed by MTT 
assay, when different cell densities were utilized. Results were plotted against 
cells seeded at same cell density but without LPS stimulation (control). In the 
control group cells were only treated with DMEM. Data are the mean ± standard 
deviation (SD) of two independent experiments (n=2). 

Overall results showed that NO production and cellular viability of LPS-stimulated 

macrophages followed a pattern, which was affected by cell seeding density. Likewise, 

overtime NO levels showed an increase proportional to cell-density, whereas the higher 

cell density (>0.5 x 104cells/well) was associated with higher production of NO 

(~100µM/mL). Although, cell viability studies showed that over time the highest cell 

density 2.5 x 104cells/well was associated with the smaller cell viability, which may be 

caused by the high toxic levels of NO. Accordingly, 2.0 x 104cells/well was the seeding 

density chosen for the following studies. Mainly to assess the anti-inflammatory activity 

i.e. level of inflammatory markers of DEX released from functionalised TiO2 particles in 

LPS-activated Raw 264.7 macrophages. 
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3.7.3. Optimised model: Cellular morphology, TNF-α and NO production  
After establishing the appropriate cell density (2x104 cells/well) and LPS concentration 

(1µg/mL), we further evaluated the morphology of LPS-activated cells (Figure 58) by 

staining actin rings using fluorescent microscopy.  

Figure 58. The effect of LPS (1 μg/mL) on the cellular morphology of Raw 264.7 
macrophages after 24h-exposure was assessed by fluorescence microscopy (A). 
F-Actin rings and nuclei of cells were respectively stained with phalloidin-FITC 
and DAPI. Photographs were taken at fluorescence microscope at magnification 
of ×20.  

Results revealed that after 24h exposure, the untreated Raw 264.7 cells showed a 

regular rounded morphology and did not spread over the surface. On the other hand, 

LPS exposure (1µg/mL), induced a reorganization in actin distribution of the 

macrophages resulting in evident difference in cell morphology: cells showed an oval-

shaped configuration and visible size increase. Along with this experiment (Figure 58), 

the cellular viability (Figure 59), TNF-α and NO production (Figure 60) were also 

measured to get further insight on the behaviour of LPS activated-macrophages.  
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Figure 59. Cellular viability of Raw 264.7 macrophages under optimized LPS 
concentration (1 μg/mL) and cell density (2x104 cells/well) was measured. Cells 
were exposed to LPS during 18, 24, 48 and 72 hours. Cellular viability was 
assessed by MTT assay and NO production by Griess reagent assay. In the control 
group cells were only treated with DMEM. Data are the mean ± standard deviation 
(SD) of two independent experiments (n=2). 

The LPS cytotoxicity was assessed by preliminary experiment (Figure 57). Results 

showed that the exposure to LPS (1 µg/mL) for 48 hours did not induce a decrease on 

cellular viability, when compared to control (Figure 59). On the contrary, after 18 and 24 

hours of LPS-exposure, an increase on cellular viability (31.5% and 14.0%, relative to 

control) was observed with statistical significance (p<0.001). Only after 72 hours-

exposure, a decrease on cellular viability was detected, although cellular viability was 

still high, where ~80% of cellular viability was observed when compared to control. 

Moreover, cellular viability over time was confirmed by microscope evaluation ( 

I. Appendix, Figure 88). Regarding inflammatory cytokines production (Figure 60), 

results showed that a minimal baseline of NO (DMEM, <16 µM/mL) and TNF-α (DMEM, 

<35 pg/mL) production was observed at non-LPS stimulated macrophages. On the other 

hand, stimulation of Raw 264.7 cells with LPS resulted in a significant increase (p<0.05) 

of NO and TNF-α production, which followed a time and concentration-dependent 

pattern. At 18h, 24h, 48h, 72h activated cells respectively produce 18.7, 19.7, 39.8, 97.3 

µM/mL of NO and 1101.2, 2618.6 2923.8, 3164.4 pg/mL of TNF-α. Particularly after 72 

hours’ exposure, where the LPS-activated Raw-macrophages respectively released 5 

and 103 times more NO and TNF-α, when compared to untreated control cells. 
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Figure 60. Nitric Oxide (A) and TNF-alpha production (B) of Raw 264.7 
macrophages under optimized LPS concentration (1 μg/mL) and cell density 
(2x104 cells/well) were measured. Cells were exposed to LPS during 18, 24, 48 and 
72 hours. In the control group cells were only treated with DMEM. Data are the 
mean ± standard deviation (SD) of two independent experiments (n=2). 
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3.8 Anti-inflammatory activity studies 
As observed in the previous section (3.7. LPS-activated 264.7 Raw macrophages: 

inflammation model), the LPS stimulation (1µg/mL) has shown to activate Raw 264.7 

macrophages, resulting in significant changes on the shape/size of cells (Figure 58), and 

increased  NO and TNF-α production (Figure 60) when compared to the untreated cells 

(control group). Accordingly, these results reflect the aptitude of LPS-activated Raw 

264.7 cells to be utilized as an in vitro inflammation model. 

In this section, the experiments described were performed to investigate the anti-

inflammatory effect of DEX released from the functionalised-TiO2 particles, obtained via 

different synthetic routes, amino, (Figure 40), mercapto, (Figure 41) and LbL route 

(Figure 42 and Figure 43). The anti-inflammatory effect was assessed by measuring both 

NO and TNF-α production on LPS-stimulated RAW 264.7 macrophages. In principle, the 

inhibition of NO and TNF-α production on LPS-activated cell will reveal the anti-

inflammatory effect of the model system herein developed.  

Preliminary studies were performed to investigate the effect of different concentrations 

(3.9-100µg/mL) of pure DEX on NO production of Raw 264.7 cells, with and without LPS 

(Figure 61). Although in this section, only the effect of DEX concentrations up to 20 

µg/mL were shown, mainly because the cellular viability studies (Figure 44.B) showed 

that DEX concentrations higher than 20 µg/mL induced a significant (p<0.05) cell death 

at 72 hours.  

3.8.1 Preliminary studies: basal levels 
Preliminary study was undertaken to investigate the effect of different pure DEX 

concentrations (3.9-20µg/mL) on the time course of NO production by Raw 264.7 cells, 

with and without LPS stimulation (Figure 61). Results showed that when cells were 

incubated without LPS (Figure 61.B) none of the tested concentrations of DEX (3.9-

20µg/mL) induced changes in NO basal levels. In fact, the NO production (µM/mL) 

observed for cells without LPS activation was very similar the one observed for DMEM 

media alone (<20 µM/mL). On the other hand, for LPS-activated cells (Figure 61.A), 

results showed that all DEX concentrations tested have significantly (p<0.05) reduced 

NO production on LPS-activated cell, when compared to (LPS) control group.  
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Figure 61. Effect of DEX in nitric oxide (NO) production (µM/mL, or NO% to LPS 
control) in RAW 264.7 macrophages with (A) and without LPS (B). Cells were 
exposed to range of DEX (3.9-20 µg/mL) diluted in DMEM media, during 18, 24, 48 
and 72 hours. In the control group cells were only treated with DMEM. Data are the 
mean ± standard deviation (SD) of two independent experiments (n=2). 

In general, the inhibition of NO production followed a time and concentration-dependent 

pattern (Figure 61.A): the highest anti-inflammatory effect (~70-75% reduction of NO 

production relatively to LPS control) was observed at 72h and when cells were treated 

with the highest DEX concentrations (10 and 20 µg/mL).  

Moreover, the effect of pure DEX (3.9 and 10µg/mL) on TNF-α production of Raw 264.7 

cells with and without LPS was also assessed (Figure 62). Results showed that when 

cells were incubated without LPS (Figure 62.B) none of the tested concentrations of DEX 

induced changes on TNF-α basal levels, which were very close to the ones observed for 

cell treated with DMEM media alone.  
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Figure 62. Effect of DEX in TNF-α production (TNF-α % to LPS control) in RAW 
264.7 macrophages with (A) and without LPS (B). Cells were exposed to range of 
DEX (3.9 and 10 µg/mL) diluted in DMEM media, during 18, 24, 48 and 72 hours. In 
the control group cells were only treated with DMEM. Data are the mean ± standard 
deviation (SD) of two independent experiments (n=2). 

For LPS-activated cells (Figure 62.A), DEX significantly (p<0.05) decreased TNF-α 

production, in a concentration-dependent pattern: for most of the time points (except 

18h), the cells treated with the DEX concentration of 10 µg/mL showed a higher decrease 

(% relative to LPS) on TNF-α production (~50-45%) when compared to DEX 3.9 µg/mL 

(~35-25%). In addition, the effect of PBS and acetate buffers, drug release buffers 

(mainly component of the broths) on NO productions was also investigated in Raw 264.7 

cells with and without LPS (Figure 63,Figure 64). When Raw 264.7 cells were exposed 

to different PBS and acetate buffer concentrations (Figure 63.B,Figure 64.B), the NO 

production was nearly the same for all treatments, where NO production was very similar 

to the one observed for control group (NO production >20 µM/mL). 
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Figure 63. Effect of different concentrations of PBS, in nitric oxide (NO) production 
(µM/mL, or NO% to LPS control) in Raw 264.7 macrophages (A) with and (B) 
without LPS. Cells were exposed to range of PBS concentrations (10-100%) diluted 
in DMEM media, during 18, 24, 48 and 72 hours. In the control group cells were 
only treated with DMEM. Data are the mean ± standard deviation (SD) of two 
independent experiments (n=2). 

On the other hand, in the LPS-activated cells (Figure 63.A, Figure 64.A) the NO 

production was significantly (p<0.05) affected by the PBS and acetate buffers 

concentration in a dose-dependent manner. When compared to LPS control group the 

cells treated with highest buffer concentrations (>25%) have shown the highest decrease 

of NO production, whereas the only cells treated with lowest buffer concentration (10%) 

showed a NO production equivalent to the LPS control group. Particularly, after 72h the 

higher concentration tested (100%) caused a decrease on NO production of about 50% 

(PBS) and 70% (acetate buffer), relative to LPS control group. Although more 

pronounced, in general, this decrease follows the effect caused on cellular viability (PBS, 
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Figure 45, and acetate buffer (I. Appendix, Figure 89), where among all concentrations 

tested only 10% did not cause a significant decrease (p<0.05) on cellular viability.  

Figure 64. Effect of different concentrations of acetate buffer, in nitric oxide (NO) 
production (µM/mL, or NO% to LPS control) in Raw 264.7 macrophages (A) with 
and (B) without LPS. Cells were exposed to range of acetate buffer concentrations 
(10-100%) diluted in DMEM media, during 18, 24, 48 and 72 hours. In the control 
group cells were only treated with DMEM. Data are the mean ± standard deviation 
(SD) of two independent experiments (n=2). 
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3.8.2 Dexamethasone loaded-functionalised TiO2 particles  
The anti-inflammatory activity of DEX released from model system (DEX-loaded 

functionalised TiO2 particles) obtain by different synthetic routes was assessed by 

comparing the anti-inflammatory activity of the eluted drug to the respective control (cells 

only treated with LPS). Drug release studies (3.4 DEX release profile) have shown that 

the synthetic route utilized to prepare DEX-loaded functionalised TiO2 particles 

significantly affected the DEX release profile. Not only the DEX concentration released, 

but also the release duration have shown to differ for functionalied-TiO2 particles 

obtained by amino/mercapto (24 hours) (Figure 40, Figure 41), and LbL route (2-3 

weeks) (Figure 42 and Figure 43). For this reason, the anti-inflammatory effect of DEX 

released from functionalised-TiO2 particles was investigated according to release profile 

obtained for each synthetic route, as described in materials and methods section (2.6.1 

Raw 264.7 macrophages cell line, Figure 12). For instance, for amino and mercapto 

route, DEX was released within 24 hours, hence Raw 264.7 macrophages (with and 

without LPS) were only exposed to DEX released at 24h. On the other hand, for LbL 

route, DEX release was more prolonged (24h to ~3 weeks), and the concentrations 

released varied according to the number of layers surrounding DEX-loaded particles. 

Accordingly, the cells were exposed to DEX released at 24h, 48h, 72h and 2 weeks from 

LbL-functionalised particles where DEX was the outer layer (LbL 0) or where DEX was 

surrounded by 4 CH/DEX/ALG layers (LbL 4). The anti-inflammatory activity of DEX 

released from functionalised-TiO2 particles, was investigated by measuring NO and TNF-

α production of LPS-activated macrophages. Furthermore, considering that during 

inflammation, a local acidosis (pH<7) will be observed, it was decided that TNF-α 

production would only be assessed for DEX released at pH=6. Priority was given to this 

pH because it mimics the extracellular environment under inflammatory conditions. Anti-

inflammatory activity of DEX released from functionalised-TiO2 particles at more acidic 

pH values (pH<6); was also measured, although preliminary studies revealed that these 

treatments caused high % of cell death (>80% relative to control ( 

I. Appendix, Figure 77). Therefore, only results from pH=6 and pH=7 where presented in 

this thesis. 



110 

AMINO MERCAPTO ROUTES 

The anti-inflammatory activity of DEX released from functionalised-TiO2 particles 

obtained by amino and mercapto routes was assessed.  

Figure 65. Effect of DEX released from functionalised-TiO2 particles, obtained by 
amino route (24h amino) and mercapto (24h mercapto) route, in nitric oxide (NO) 
production (NO% to LPS control) for LPS-activated RAW 264.7 macrophages. Cells 
were exposed 24h amino and 24h mercapto collected from release studies 
performed at pH=6 (A) and pH=7 (B). Culture supernatants were collected at 18, 
24, 48 and 72h then analysed by Griess reagent for NO. RAW 264.7 cells treated 
with 10% buffer and DEX (3.9 µg/mL) were utilized respectively as negative and 
positive controls. In the control group cells were only treated with DMEM. Data are 
the mean ± standard deviation (SD) of two independent experiments (n=2). 

For this purpose, Raw 264.7 macrophages (with and without LPS) were exposed to DEX 

released from functionalised-particles obtained by amino (24h amino) and mercapto (24h 

mercapto) routes, and NO and TNF-α production was measured. For unstimulated Raw 
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264.7 macrophages (I. Appendix, Figure 91), results showed that NO production was not 

significant when exposed to DEX released at pH=6 and pH=7. In fact, NO production for 

24h amino and 24h mercapto treatments was very similar to the one observed for control 

group (NO production >20 µM/mL). Simultaneously, the effect of DEX released from 

amino and mercapto-functionalised particles in TNF-α production of Raw 264.7 

macrophages was investigated. Results showed that DEX released at pH=6 had a 

different effect on TNF-α production of non-stimulated Raw 264.7 macrophages. At 18h, 

when compared to control, an alteration on TNF-α baseline was observed for cells 

treated with 24h amino (I. Appendix, Figure 92). Although significant (p<0.05), this 

alteration in TNF-α baseline was minor when compared to TNF-α production observed 

for LPS-stimulated cells (~10 fold more). Simultaneous, the effect of DEX released at 

pH=6 and pH=7 on NO production of LPS-activated Raw 264.7 macrophages was 

investigated (Figure 65). With few exceptions, results showed that DEX released from 

both amino and mercapto-functionalised particles significantly reduced (p<0.05) the NO 

production (% to LPS) for most of the time points (Figure 65).  

Figure 66. Effect of DEX released at 24h from functionalised-TiO2 particles, 
obtained by amino route (24h amino) and mercapto route (24h mercapto), on TNF-
α production (TNF-α expression %to LPS control) of LPS-activated RAW 264.7 
macrophages. Cells were exposed 24h amino and 24h mercapto collected from 
release studies performed at pH=6. Culture supernatants were collected at 18, 24, 
48 and 72h then analysed by ELISA for TNF-α. Data are the mean ± standard 
deviation (SD) of two independent experiments (n=2). 
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Overall, the decrease of NO production was affected by the extracellular environment 

which DEX was released (pH= 6 vs pH=7) and by the type of route utilised to synthesise 

DEX-loaded functionalised-TiO2 particles (amino or mercapto).For instance, 24h amino 

have showed to exert a higher anti-inflammatory effect i.e. higher decrease of NO 

production (% to LPS) than 24h mercapto (Figure 65.A). In fact, results showed that 

when compared to 24h mercapto, 24h amino caused an increase of 0.5, 0.9 and 0.8-fold 

on NO inhibition, respectively at 24h, 48h and 72h. moreover, when comparing the effect 

of DEX released at pH=6 and pH=7, NO data showed that for both 24h amino and 24h 

mercapto, a higher anti-inflammatory effect was observed for pH=7 (Figure 65.B): for 

24h amino the following decrease on NO production was observed at 24h (12%, 40%), 

48h (39%, 46%) and 72h (35% and 48%), respectively for pH=6 and pH=7 studies. The 

same trend was observed for 24h mercapto although the differences observed between 

pH=6 and pH=7 studies were more evident for this treatment. In fact, at pH=6, 24h 

mercapto showed a minor decrease of NO production (<10% relative to LPS group) for 

all time points. Considering that during inflammation, a local acidosis (pH<7) will be 

observed, it was decided that TNF-α production would only be assessed for DEX 

released at pH=6 (Figure 66). Priority was given to this pH because it mimics the 

extracellular environment under inflammatory conditions. When comparing the anti-

inflammatory effect exerted by 24h amino and 24h mercapto at pH=6, TNF-α data 

showed a similar inhibitory trend to that observed for NO production (Figure 65): where 

24h amino treatment induced a more significant inhibition of TNF-α production than 24h 

mercapto. For instance, 24h mercapto only showed to significant decrease TNF-α 

expression at 24 hours (16% relative to LPS group).  In contrast, 24h amino significantly 

decreased (p<0.05) TNF-α production at most of the time points: a decrease of 20%, 

22%, and 11 (% to LPS control) was respectively observed at 18h, 24h and at 72 hours 

(Figure 66). Furthermore, for both NO and TNF-α production, when significant, the 

decrease induced by 24h amino and 24h mercapto was very closely matched the level 

of suppression observed for DEX (3.9 µg/mL) treatments. 
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LbL ROUTE 

The effect of DEX released from functionalised-TiO2 particles obtained by LbL route on 

NO and TNF-α production was investigated. For this purpose, Raw 264.7 macrophages 

(with and without LPS) were exposed to DEX released from LbL functionalised-particles.  

Figure 67. Effect of DEX released from functionalised-TiO2 particles (LbL route) in 
nitric oxide (NO) production (NO% to LPS control) of LPS-activated RAW 264.7 
macrophages. Cells were exposed to broths collected from drug release studies 
performed at pH=6, from particles surrounded by 0 layers (LbL 0) (A) and 4 layers 
(LbL 4) (B) during 18, 24, 48 and 72 hours. Broths used to treat the cells were 
collected at different time points to assess the effect of DEX released after 24h 
(24h 0 and 4 layers), 48h (48h 0 and 4 layers), 72h (72h LbL 0 and LbL 4) and 2 
weeks (2W 0 and 4 layers). RAW 264.7 cells treated with 10%acetate buffer and 
DEX (10 µg/mL) were utilized respectively as negative and positive controls. Data 
are the mean ± standard deviation (SD) of two independent experiments (n=2). 

When exposed to Raw 264.7 cells, results showed that DEX released at 24h, 48h, 72h 

and 2W collected from LbL functionalised-particles surrounded by 0 (LbL 0) or 4 (LbL 4) 

layers induced a NO and TNF-α production (>20 µM/mL) similar to the control group ( 
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I. Appendix, Figure 93 and Figure 94). As for LPS-activated cells, with few exceptions, 

results showed that DEX released from LbL particles at all time points (24h,48h,72h and 

2W), with both 0 and 4 layers, exerted an anti-inflammatory effect i.e. decreased NO and 

TNF-α production for most of the time points (Figure 67,Figure 68, and Figure 69).
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Figure 68. Effect of DEX released from functionalised-TiO2 particles (LbL route) in 
nitric oxide (NO) production (NO% to LPS control) of LPS-activated RAW 264.7 
macrophages. Cells were exposed to broths collected from drug release studies 
performed at pH=7, from particles surrounded by 0 layers (LbL 0) (A) and 4 layers 
(LbL 4) (B) during 18, 24, 48 and 72 hours. Broths used to treat the cells were 
collected at different time points to assess the effect of DEX released after 24h 
(24h 0 and 4 layers), 48h (48h LbL 0 and LbL 4), 72h (72h LbL 0 and LbL 4) and 2 
weeks (2W 0 and 4 layers). RAW 264.7 cells treated with 10%PBS buffer and DEX 
(10 µg/mL) were utilized respectively as negative and positive controls. Data are 
the mean ± standard deviation (SD) of two independent experiments (n=2). 
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Although significant (p<0.05) for most of the treatments, the production of NO and TNF-

α production showed different inhibitory trends depending on i) the extracellular 

environment which DEX was released (pH= 6 vs pH=7) (Table 15), ii) the number of 

layers surrounding DEX (0 vs 4 layers), as well as the iii) time-point at which DEX was 

released (24h, 48h, 72h or 2 weeks). 

i) Effect extracellular environment which DEX was released (pH=6 vs pH=7) 
When the effect of the extracellular environment (i) was investigated (Table 15), results 

showed that for most of the time points, DEX released at pH=6 caused a higher decrease 

of NO production (% to LPS) when compared to DEX released at pH=7, being this effect 

more evident at 48h and 72h.  

Table 15. Comparison of the effect of DEX released from functionalised-TiO2

particles (LbL route), at pH=6 and pH=7, on NO decrease (%LPS control). Results 
were only presented for 24, 48h and 72h, because at 18h NO decrease (%LPS) was 
not significant (ns). Data are the mean ± standard deviation (SD) of two 
independent experiments (n=2). 

Time point DEX release Ph 6 Ph 7 Comparison 

24 hours 

24h LbL 0 9±4.2% 10±2.3% Similar 
48h LbL 0 10±0.9% 11±1.9% Similar 
72h LbL 0 21±2.2% 16±3.6% Higher at pH 6 
2 W LbL 0 17±4.1% 7±2.9% Higher at pH 6 
24h LbL 4 9±3.1% 15±0.8% Higher at ph 7 
48h LbL 4 4±3.5% 13±2.1% Higher at pH 7 
72h LbL 4 23±1.2% 9±1.5% Higher at pH 6 
2 W LbL 4 16±1.5% 7±1.7% Higher at pH 6 

Time point DEX release Ph 6 Ph 7 Comparison 

48 hours 

24h LbL 0 27±%7.0 19±1.7 Higher at pH 6 
48h LbL 0 24±%2.5 12±2.0 Higher at pH 6 
72h LbL 0 39±%2.7 17±2.8 Higher at pH 6 
2 W LbL 0 30±2.9% ns Higher at pH 6 
24h LbL 4 24±3.1% 14±2.4 Higher at pH 6 
48h LbL 4 23±1.4% 7±5.0 Higher at pH 6 
72h LbL 4 21±5.1% 5±3.7 Higher at pH 6 
2 W LbL 4 8±2.6% ns Higher at pH 6 

Time point DEX release Ph 6 Ph 7 Comparison 
 24h LbL 0 42±2.0% 25±2.8 Higher at pH 6 
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72 hours 

48h LbL 0 40±2.3% 20±3.0 Higher at pH 6 
72h LbL 0 27±15.1% 18±2.0 Higher at pH 6 
2 W LbL 0 ns ns ns 
24h LbL 4 41±3.8% 15±3.7 Higher at pH 6 
48h LbL 4 50±4.9% 21±6.2 Higher at pH 6 
72h LbL 4 18±7.3% ns Higher at pH 6 
2 W LbL 4 ns ns ns 

Simultaneously, TNF-α production was investigated for LPS-activated macrophages 

treated with DEX release at pH=6 ((Table 17 and Figure 69). 
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ii) Effect of number of layers surrounding DEX layer (0 vs 4 layers)  
When the effect of the type of LbL-functionalised particles (0 or 4 layers surrounding DEX 

layer) (ii) was investigated results (Table 16) showed that DEX released from LbL 0 

particles caused a higher anti-inflammatory effect when compared to DEX released from 

LbL 4 particles. For NO production (Table 16) this behaviour was observed for most of 

the treatments at 48h and 72h. As for TNF-α production (Table 17 and Figure 69) results 

showed the same trend i.e. higher anti-inflammatory effect for DEX released from LbL 0 

particles, but mostly for 24h and 48h LbL broths (Figure 69,Table 17). 

Table 16. Comparison of the effect of DEX released from LbL functionalised-
particles with 0 layer (LbL 0) or 4 layers (LbL 4) on NO decrease (%LPS control) at 
pH=6. Results were only presented for 24, 48h and 72h because at 18h NO 
decrease (%LPS) was not significant (ns). Data are the mean ± standard deviation 
(SD) of two independent experiments (n=2). 

Time point DEX release LbL 0 LbL 4 Comparison 

24 hours 
24h LbL 9±4.2% 9±3.1% comparable 

48h LbL 10±0.9% 4±3.5% Higher for LBL 0 

72h LbL 21±2.2% 23±1.2% comparable 

2 W LbL 17±4.1% 16±1.5% comparable 

Time point DEX release LbL 0 LbL 4 Comparison 

48 hours 
24h LbL 27±%7.0 24±3.1% Higher for LBL 0 

48h LbL 24±%2.5 23±1.4% comparable 

72h LbL 39±%2.7 21±5.1% Higher for LBL 0 

2 W LbL 30±2.9% 8±2.6% Higher for LBL 0 

Time point DEX release LbL 0 LbL 4 Comparison 

72 hours 
24h LbL 42±2.0% 41±3.8% Higher for LBL 0 

48h LbL 40±2.3% 50±4.9% Higher for LBL 4*

72h LbL 27±15.1% 18±7.3% Higher for LBL 0 

2 W LbL ns ns comparable 

For example, at 48h, NO data showed that a 0.11-fold increase, 0.46-fold increase and 

0.73-fold increase was respectively observed when comparing the ability to inhibit NO 

production of 24h, 72h and 2W broths from LbL 0 over the one observed for LbL 4 

particles (Table 16).  
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Figure 69. The effect of DEX released from functionalised-TiO2 particles (LbL 
route) on TNF-α production (TNF-α expression %to LPS control). LPS-activated 
RAW 264.7 macrophages were exposed to DEX released at pH=6 from LbL-
particles surrounded by (A) 0 layers (LbL 0) and (B) 4 layers (LbL 4) during 18, 24, 
48 and 72 hours. Broths used to treat the cells were collected at different time 
points to assess the effect of DEX released after 24h (24h LbL 0 and LbL 4), 48h 
(48h LbL 0 and LbL 4), 72h (72h LbL 0 and LbL 4) and 2 weeks (2W LbL 0 and LbL 
4). Culture supernatants were collected at 18, 24, 48 and 72h then analysed by 
ELISA for TNF-α. RAW 264.7 cells treated DEX (10 µg/mL) were utilized as positive 
control for anti-inflammatory effect/TNF-α inhibition. Data are the mean ± standard 
deviation (SD) of two independent experiments (n=2). 
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Similarly, at 72h a 0.14-fold increase, 0.46-fold increase, 0.73-fold increase on the anti-

inflammatory effect was respectively observed when comparing 24h, 72h and 2W broths 

collected from LbL 0 over the ones collected from LbL 4 particles. Likewise, TNF-α data 

showed the same trend but mostly for 24h and 48h LbL broths (Figure 69,Table 17), at 

18h, 24h and 72h.As can be seen in Table 17, at 18h a decrease of 34% and 35% was 

observed for 24h and 48h LBL 0, whereas a decrease of 26% and 29% was respectively 

observed for 24h and 48h LBL 4 treatments. At 24h a decrease of 33% and 35% was 

observed for 24h and 48h LBL 0, whereas a decrease of 28% and 21% was respectively 

observed for 24h and 48h LBL 4 treatments.   

Table 17. Comparison of the effect of DEX released from LbL functionalised-
particles with 0 layer (LbL 0) or 4 layers (LbL 4) on TNF-α decrease (%LPS control) 
at pH=6 for 18h, 24h, 48h and 72h. Data are the mean ± standard deviation (SD) of 
two independent experiments (n=2). 

Time point DEX release LbL 0 LbL 4 Comparison 

18 hours 
24h LbL 34±6.1% 26±5.3% Higher for LBL 0 

48h LbL 35±5.0% 29±5.7% Higher for LBL 0 

72h LbL 17±4.7% 26±5.3% Higher for LBL 4 

2 W LbL ns 39±5.7% Higher for LBL 4 

Time point DEX release LbL 0 LbL 4 Comparison

24 hours 
24h LbL 33±9.4% 28±6.3% Higher for LBL 0 

48h LbL 35±5.8% 21±2.3% Higher for LBL 0 

72h LbL 21±3.4% ns Higher for LBL 0 

2 W LbL ns ns ns 

Time point DEX release LbL 0 LbL 4 Comparison 

48 hours 
24h LbL 20±5.2% 30±10.9% Higher for LBL 4 

48h LbL 29±6.4% 17±11%? Higher for LBL 0 

72h LbL 23±4.9% 24±12.0% comparable 

2 W LbL 10±3.5% 13±6.9% comparable 

Time point DEX release LbL 0 LbL 4 Comparison 

72 hours 
24h LbL 36±6.4% 25±7.5% Higher for LBL 0 

48h LbL 37±6.0% 29±2.6% Higher for LBL 0 

72h LbL 19±2.5% 20±11.5% Comparable 

2 W LbL 16±4.3% 25±5.5% Higher for LBL 4* 
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Likewise, at 72h a decrease of 36% and 37% was observed for 24h and 48h LBL 0, 

whereas a decrease of 25% and 29% was respectively observed for 24h and 48h LBL 4 

treatments. When comparing the anti-inflammatory effect of LbL 0 and LbL 4, for DEX 

released at 72h and 2W, a different inhibitory trend was observed for TNF- α production. 

Accordingly, for most of the time points results showed that the differences between DEX 

released from LbL 0 and LbL 4 particles were not so evident for 72h and 2W as the ones 

observed for DEX released at 24h and 48h. In fact, for DEX released at 72h and 2W a 

similar or non-significant decrease of TNF-α production was observed at 24h, 48h and 

72h when comparing DEX released from LbL 0 and LbL 4. This is line with the drug 

release profile, where DEX released from LbL 0 or LbL 4 was almost identical for at 72h 

and 2W. Besides, for both NO and TNF-α production, when significant, the decrease 

induced by DEX released from LbL functionalised-particles was very closely matched 

the level of suppression observed for DEX (10 µg/mL) treatments 
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4. Discussion 
4.1 DEX-loaded TiO2 particles characterization 

4.1.1 Average size and morphology  
Overall, images obtained via transmission electron microscopy (TEM), revealed that for 

all synthetic routes tested (amino, mercapto and LbL), DEX-loaded functionalised TiO2 

particles maintained a spherical like-shape, which is characteristic from TiO2 particles 

(Gao et al. 2004, Gouda 2012, Zhao et al. 2014). These results were also confirmed by 

SEM images, where no visible aggregation was detected. 

Wang colleagues (2015) showed similar results during surface modification of porous 

TiO2 particles where no significant morphological changes were observed after loading 

with folic acid and polyethylenimine (Wang et al. 2015a).  

Furthermore, for amino and mercapto routes, TEM images showed an average size of 

32nm for bare TiO2 particles, and 32-45nm for functionalised ones. This increase in size 

could be attributed to DEX loading and surface functionalisation of TiO2 particles. An 

increase of size after drug loading and surface functionalised of TiO2-particles was 

previously reported by (Almalki et al. 2017) after functionalisation of TiO2 particles with 

Polyethylene Glycol and Pentetic acid.  

For LbL route, average size of 32nm was observed for amino-functionalised-TiO2 

particles, and 32-49 nm for LbL coated ones. Though this increase observed for LbL-

coated particles size was not constant/gradual, since the particles with more layers 

(~39nm for ALG-DEX-CH-DEX-CH-ALG) showed a smaller average size than that of 

particles with less layers (~48nm CH-ALG). In other words, although new layers are 

added the average size did not show the expected significant increase, or if there is an 

increase it might be so small that TEM was not sensitive enough to detect it.  

Altogether these results, lack of significant (p<0.05) morphological changes after TiO2 

particles functionalisation and increase of size after DEX loading, suggest the efficacy of 

synthetic routes applied to load DEX into TiO2- particles, without damaging the particles 

structure 

4.1.2 Zeta potential measurements 
Amino and Mercapto route 

The functionalization of particles surface is known for modifying the surface charge and 

the thickness of the double layer, therefore resulting in an alteration of the zeta potential 

(Z. Chen, Hsu, Battigelli, & Chang, 2006). In this context, zeta potential measurements 

are a key tool to characterize the functionalized TiO2 particles, as it was observed for 

previous studies, that have utilized zeta potential measurements to assess the surface 
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functionalization of different particles (Y. Wang, Li, & Kong, 2013). Moreover surface 

properties are considered to affect the biological reactions around the titanium implants 

(Cai, et al., 2006), hence the zeta potential measurement of DEX-loaded particles 

obtained could be used to determine the potential biological behaviour (e.g. stability, cell 

affinity) of the model drug delivery system developed in future in vitro cell studies. Our 

results showed that an inverse correlation was observed between zeta potential of 

functionalized TiO2- particles and pH for both mercapto (Figure 30) and amino route 

(Figure 22). These results can be explained based on the effect of the pH on the surface 

charge exhibited by the particles; particularly the influence of pH on the balance between 

protonated and unprotonated groups (Perni et al. 2018) present on the surface of TiO2

particles. The pH dependence of the functionalised-TiO2 particles (Figure 5) are 

consistent with that previous studies regarding TiO2 functionalization (Cai et al., 2006), 

providing further confirmation of the presence of either the desired groups or DEX on the 

surface of the particles. For example, the positive surface charge observed after amino-

functionalization of TiO2 particles can be related to the amino groups (-NH2) capability of 

accepting protons, becoming more positively charged i.e. NH3
+ species (Z. Chen, et al., 

2006). The decrease of surface charge (+20mV) observed under more alkaline 

conditions (pH>6), can be attributed to the deprotonation of the nitrogen groups, while at 

low pH these groups are highly protonated and thus a higher surface charge was 

observed (+40mV). In contrast, when compared to amino-functionalised TiO2 particles 

lowest surface potentials were observed for TiO2 particles-functionalised with succinic 

anhydride and pentanoic-acid, particularly for more alkaline pH values. A possible 

explanation for this character could be attributed to presence of carboxylic acid (–COOH) 

groups on surface of the particles, which exhibit a more negative character than NH2- 

and SH-TiO2 particles. Similar result was reported by Bergman et al., upon succinylation 

of amino-functionalized particles (Bergman et al., 2008). The same behavior i.e. more 

negative surface potential was observed after DEX loading, for both mercapto (Figure 

30) and amino route (Figure 22). The higher negative zeta potential observed can be 

attributed to the presence of functional groups (-OH and -C=O) of DEX, suggesting the 

presence of the drug on the surface of the TiO2 particles. Particularly, the fluorine group 

(9-Fluoro) has been described to affect the electron density of its “neighbors” i.e. 

functional groups (Yamazaki, Taguchi, & Ojima, 2009; Zahr, de Villiers, & Pishko, 2005). 

Therefore, in this specific case, the fluorine seems to be responsible for decreasing the 

pKa value of hydroxyl moiety (11, 17, 21-trihydroxy) on DEX, thus resulting in a more 

negative zeta potential after DEX loading. Fratoddi and co-workers reported a similar 

result., where a negative zeta potential was observed after loading particles with DEX 

under alkaline conditions i.e. aqueous particles suspension (Fratoddi et al., 2012).  
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Moreover, a higher negative charge on the surface of conjugated Dex-loaded 

functionalised-TiO2 particles was observed when compared to that of adsorbed ones, 

suggesting a higher loading of DEX. This result could indicate that EDC/Sulfo-NHS 

crosslinking agent utilized to conjugate DEX into functionalized TiO2 particles have 

improved the reaction efficiency and consequently increased the DEX loading. This 

behavior can be explained based on the type of bond present between DEX and TiO2

particles: regarding adsorbed particles the DEX is attached via Van der walls forces, 

which is a weaker and less stable bond than the covalent bond observed in conjugated 

particles. Therefore, the more stable bond present in conjugated-particles can easily 

result in higher amount of DEX on particles surface and consequently a more negative 

surface charge. Regarding LbL route the zeta potential measurements of the approaches 

tested (experiment 1,2, and 3) oscillate between 30 and 40 mV after CH adsorption, and 

around −20 to −30 mV after ALG adsorption (Figure 34,Figure 35). Typically, the surface 

charge density of polyelectrolytes, positive or negative, is respectively induced by the 

ionization of functional groups such as amine groups (CH) and carboxyl (ALG) (Lawrie 

et al. 2007). As for the constant alternated switching this is an indicative of the successful 

self-assembly of the polyelectrolytes CH and ALG (Caruso, et al., 1998; Wang, et al., 

2008; Zhao, Mao, et al., 2006) on surface of amino-functionalised particles. These results 

are in line with Ye et al (2005) study that reported similar zeta potential values for the 

same CHI/ALG pair and template. Once more, the alternation of zeta potential after each 

new adsorption was not surprising, considering that this phenomenon is characteristic of 

the LbL assembly (Caruso, 2000; Suflet, et al., 2011). Additionally, it can be observed 

that after DEX layer deposition (anionic polyelectrolyte), the surface charge of particles 

is still positive. This lack of symmetric inversion in in zeta potential could be attributed to 

an incomplete coverage by DEX of the surface of particles. Indeed, previous studies 

reported the deposition of bioactive compounds without obtaining oppositely charged 

zeta potential values (Borkovec & Papastavrou, 2008, Hierrezuelo, et al., 2010). 

Moreover, for all graphs (Figure 34, Figure 35), it can be observed a typical zig−zag 

dependence, which is another evidence for the formation of consecutive layers and 

stability of the obtained multi-layered particles (Bazylińska, Skrzela, et al., 2012). Despite 

the lack of reversal in zeta potential signal, the value obtained after DEX addition was 

more negative when compared to the chitosan layers (+ 30-40 mV). Typically, this fact 

indicates that an electrostatic complex had been formed (Anal, et al., 2008), although 

with incomplete coverage of the particle surface. Therefore, it is possible to hint that the 

DEX layer was adsorbed, however it was not capable of forming layers dense enough to 

cover the charges from the preceding CH layer. This result is in line with that of Zhou et 

al. (2010) that reported a limited electrostatic interaction between bovine serum albumin 



124 

(BSA) and CH/ALG polyelectrolyte multilayers when CH was the outmost layer (Zhou, et 

al., 2010). 

4.1.3. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) was used to assess the presence or absence of 

organic components in the surface of TiO2 particles, based on the observation of mass 

loss. Accordingly, a useful tool to confirm the attachment of organic functional groups 

(e.g. thiol, amine and carboxyl) or layers to TiO2 particles surface, including the DEX 

loading. The thermogram of bare TiO2 particles shows slight weight loss (<1.5%) 

suggesting a decreased presence of organic material on their surface, (Figure 25 and 

Figure 33). Moreover, it can be noted that TGA profile obtained was similar and in 

agreement to the one obtained by Batch el al group (Bach, et al., 2012). Bearing in mind 

that weigh loss in the second region (>200ºC) is primarily due to combustion of the 

organic matter, i.e., amine-silane or mercapto-silane, overall the TGA profiles obtained 

for DEX-loaded TiO2 particles prepared by amino and mercapto routes, suggest the 

successful functionalisation of TiO2 particles. As can be seen in the TGA profile of 

particles obtained via amino (Figure 25) and mercapto route (Figure 33) an increase of 

organic material (%) of approximately 3.1% and of 2.6% was respectively observed after 

APTES and MPTS-functionalization, thus confirming the successful attachment of amino 

and mercapto functional groups on the surface of TiO2 particles. Moreover, being the 

molar mass of amine-silane, 209 g/mol, and mercapto-silane, 185 g/mol, it can be said 

that higher increase of organic material in NH2-TiO2 particles when compared to SH-TiO2

particles is primarily the result of better functionalization by amine-silane than by 

mercapto-silane. Similar result was observed by Marjanovic and co-workers (2013), 

where FT–IR and TGA results showed a more effective functionalization of thermo-acid 

activated sepiolite by amine-silane than by mercapto-silane (Marjanovic et al. 2013). 

Regarding DEX loading, conjugated particles presented a higher % of organic content 

on their surface when compared to adsorbed ones (Table 6, Table 8), particularly for the 

amino route where conjugated particles have 2% more of organic content on their 

surface when compared adsorbed ones. These results agree with zeta potential 

measurement. 

When the LbL route was utilized, an increase of organic content (%) was observed after 

the addition of new layers (Figure 36, Figure 37). Although, since LbL route was being 

optimized i.e. number and type of layers, only for experiment 2 (Figure 37,Table 11), a 

gradual increase of organic content (%) after addition of each new layer was observed. 

Moreover, results showed that for approach utilized in experiment 2, particularly the 

increase of organic content (%) observed after each DEX layer deposition, together with 
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zeta potential measurements (i.e. high surface charge values after each layer 

deposition), strongly suggests that this approach could be the most suitable to obtain 

reproducible and stable LbL-DEX loaded particles. Therefore, the subsequent studies 

(e.g. drug release profile and biological studies) was assessed with LbL particles 

prepared by approach described in experiment 2.  

4.1.4. Fourier Transformed infrared spectroscopy (FT-IR) 
FT-IR spectroscopy has been used in previous studies to investigate the chemical 

groups present in a sample after surface modification. Therefore, in this study FT-IR was 

used to assess the chemical groups present on the surface of TiO2 particles after each 

functionalization step. For amino and mercapto routes, results showed all particles 

showed similar peaks between 400 and 700 cm−1 ( 

I. Appendix, Figure 101,) which are characteristic of the model surface used in this study: 

the TiO2 particles (Bagheri et al. 2013, Zhao et al. 2012). Apart from that, when analysing 

the spectrum of functionalised-TiO2 particles new bands appeared, which could not be 

observed in the spectrum of bare-TiO2 particles. For example, only for amino, mercapto 

and carboxyl functionalised TiO2-particles (Figure 24), a new peak is observed at 

~950cm−1 which is characteristic of Si-O chemical bonds (Chen & Yakovlev 2010). This 

reconfirms condensation reaction between methoxy groups of APTS/MPTS and the TiO2

surface hydroxyl groups (OH). Since the residual (non-reacted) and physisorbed APTS 

has been removed by centrifugation in ethanol (toluene) solution, the mentioned peaks 

show that grafting of APTS on the TiO2 particles has occurred successfully. Also, the 

broad band appearing at 3100–3600 cm-1 which is assigned to vibrations of hydroxyl 

groups (OH) on TiO2 surface is less visible for particles functionalised with APTS/MPTS, 

which coincides with a decrease of hydroxyl groups due to the attachment of the 

amino/thiol functional groups on surface of TiO2 particles (Sousa et al., 2012). As 

previously described in other studies (Cheng et al. 2006, Sabzi et al. 2009) the hydroxyl 

groups on the surface of the TiO2 particles (Ti-OH) are reactive sites for the reaction with 

functional groups of silane (i.e. APTES and MPTES) compounds. As shown by the peaks 

around 1100 cm-1 which are characteristic from O-Si vibration. Particularly after APTS-

functionalisation, new peaks can be observed at ~3000 cm-1, ~1800 cm-1 and ~1360 cm-

1, which can be assigned to N-H and C-N bonds as reported in previous studies related 

to surface functionalisation with amino silane agents (Díez-Pascual & Díez-Vicente 

2014, Lu et al. 2007, Wang et al. 2011, Zhao et al. 2012). For example, similar spectrum 

was observed by Sousa et al (2012) following functionalization of the silica nanotubes 

with APTES (Sousa et al. 2012).  Likewise, similar peaks were reported by Bloemen and 

co-workers when investigating amino-functionalisation of iron oxide particles (Bloemen 
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et al. 2012). On the other hand, peaks/bands corresponding to thiol (SH) group could not 

be clearly observed (Figure 32) for particles functionalised with mercapto-silane 

(MPTES). This could be explained based on relative low content of thiol and poor 

sensitivity of IR to this functional group, as previous observed by Zhang and co-workers 

(Zhang et al. 2013). However the presence of bands at ~3000 and 2857 cm−1 which can 

be respectively assigned to the methyl (C–H vibration) of methoxy (OCH3) and methylene 

(CH2) groups (Marjanovic et al. 2013, Ukaji et al. 2007, Wang et al. 2011) were obvious, 

suggesting the new functional groups were successfully attached to the surface of TiO2

particles (Marjanovic et al. 2013, Rostamian et al. 2011, Ukaji et al. 2007, Wang et al. 

2011). 

Regarding the FT-IR spectrum of functionalised-TiO2 particles with succinic anhydride, 

new visible peaks which can be assigned to the carboxyl group where observed for 

amino route. For example, the presence of two new strong peaks between 1600-1800 

cm-1, which are characteristic of C=O stretching of carbonyl groups as reported in 

previous studies (Lee et al. 2006, Othman et al. 2012, Ramanathan et al. 2005, Siyamak 

et al. 2012). Likewise, when modifying TiO2 particles with polyacrylic acid (PAA), Othman 

and co-workers (2012) observed similar peaks around 1690 cm-1 (Othman, et al. 2012), 

which provided evidence to prove that carboxyl acid (-COOH) group was present on the 

surface of the TiO2 particles (Othman et al. 2012).Also, it worth to note that the peak at 

~1360 cm-1 (C-N bond,(Wang et al. 2011) which was observed in spectra of amino-

functionalised TiO2 particles was absent for carboxyl-functionalised TiO2 particles 

suggesting the successful surface modification of amine functionalised-TiO2 particles 

with carboxylic-acid (COOH). Furthermore, the two sharp peaks observed in the region 

of 1050-1160 cm-1 and 1185- 1277cm-1 for both carboxyl and DEX-loaded functionalised 

particles can be attributed to the symmetrical and asymmetrical stretching frequencies 

of the C-O ester groups. 

These peaks were not as clear in the spectrum of functionalised particles obtained by 

mercapto route. As for DEX functionalisation, the FT-IR equipment was not sensitive 

enough to detect the characteristic peaks/bands (as observed in pure DEX, Figure 103), 

it was clear that different spectrum was observed for DEX-loaded particles. Such as the 

presence of strong band around 3100–3600 cm-1 which coincides with the increased 

presence the hydroxyl groups (O–H) due to the attachment of COOH functional and OH 

groups on surface of functionalised-TiO2 particles. Also, for particles obtained by amino 

route, new band observed at ~1600-1800 cm-1, respectively suggests the presence of 

C=O stretching of ester groups and of hydroxyl groups (OH) on TiO2 surface. Similar 

peaks were observed by other studies, when analyzing the surface of DEX-loaded PLGA 

coatings (Zhang et al. 2015) and DEX-loaded onto layered double hydroxides (LDHs) 
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(Wang et al. 2015b). Furthermore, again for functionalised particles obtained by amino 

route, the two sharp peaks observed in the region of 1050-1160 cm-1 and 1185- 1277cm-

1 for both carboxyl and DEX-loaded functionalised particles can be attributed to the 

symmetrical and asymmetrical stretching frequencies of the C-O ester groups, 

respectively, as previously reported (Everaerts et al. 2008). Therefore, the peaks at 

~1075 and at ~1200 cm-1 that appear in the FT-IR spectrum of carboxyl and DEX-loaded 

TiO2 particles clearly suggest the presence of either the desired groups (i.e.  carboxyl, 

hydroxyl) or the DEX on the surface of functionalised TiO2 particles. 

As for DEX-loaded functionalised TiO2 particles obtained by LbL route, FTIR results 

(Figure 38) showed that most of the peaks found in the spectra CH/ALG multilayer DEX-

loaded functionalised TiO2 particles after the addition of CH, ALG and DEX layers were 

very similar. Except for the band at ~1350 cm-1 which can be assigned to the C-N bond 

and was observed for amino functionalised particle, that was absent on the spectra of 

DEX-loaded CH/ALG functionalised-TiO2 particles (Figure 38). Also, some new peaks 

were also observed when comparing the spectra of amino functionalised TiO2 particles 

with the one of CH/ALG multilayer DEX-loaded functionalised TiO2 particles; such as the 

strong peak observed at ~1650 cm-1 which belongs to the carbonyl group (C-O) 

stretching groups which are attributed to ALG and CH saccharide structure. Overall, 

these peaks match with the ones observed at spectrum of CH and ALG powders (Figure 

104, Figure 105), and were in agreement with the ones reported for previous studies 

involving deposition of CH/ALG (Fernandes et al. 2011, Kulig et al. 2016, Lawrie et al. 

2007, Li et al. 2008, MA Shafie, Attia Shafie 2013) onto drug-loaded particles.  

The low sensitivity of FTIR to detect the addition of new layers (particularly DEX layer) 

could be explained based on their thickness. As shown by TEM results (Figure 39), after 

the addition of each new layer there is a minimal increase on the size (<10nm). of 

functionalised-TiO2 particles, thus meaning that CH, ALG and DEX layers must be very 

thin (<10nm). This in agreement with previous studies (Morent et al. 2008) which have 

demonstrated the low sensitivity of FTIR to characterize surface modifications at 

nanometer level.  A possible solution could be the utilization of a more surface sensitive 

technique such as X-ray photoelectron spectroscopy (XPS).  
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4.1.5. Drug loading (%) and encapsulation efficiency (%) 
The drug loading (%) and encapsulation efficiency (%) were different when DEX was 

conjugated to functionalised-TiO2 particles by electrostatic interaction (LbL route) or by 

covalent bonding (amino and mercapto routes). When assessing encapsulation 

efficiency, the DEX-loaded functionalised TiO2-particles obtained by amino and 

mercapto (~68%) showed higher values than the ones observed for LbL route (~50%). 

Although the encapsulation efficiencies were higher for amino and mercapto routes, the 

total amount of DEX (mg) loaded per functionalised-particles (mg) was significantly 

higher for LbL route, as showed by drug loading calculations: ~40% (LbL route) and 

~13% (amino/mercapto routes).  

Moreover, for LbL route the number of CH/ALG layers surrounding DEX loaded-

functionalised-TiO2 particles has showed to significantly (p<0.05) affect the drug content 

and encapsulation efficiency. Consequently, results (Table 13) showed that for sample 

4 (DEX was surrounded by 4 CH/DEX/ALG layers), both encapsulation efficiency and 

drug loading were higher than for sample 0 (DEX was the outer layer). This difference 

was more evident for drug loading calculations (%), where an 0.37-fold increase of drug 

loading was observed for sample. This can be explained based on the number of DEX 

layers which are present in each sample: for sample 4 two layers of DEX were loaded 

into 250 mg of NH2-functionalised particles whilst only one layer was loaded for sample 

0. Therefore, a higher concentration of total DEX (~101mg) was loaded into the LbL 

particles sample 4, when compared to particles loaded with only one DEX layer (~67mg) 

(sample 0) onto 250mg of LbL-functionalised TiO2 particles. 
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4.2. DEX release profile  
The local delivery of glucocorticoids such as DEX, instead of systemic delivery, could be 

highly suitable for patients which undergo TJR surgery. Among others, the safe and 

effective deliver of the drug to the desired site of action by using drug-eluting implants 

would control the patient drug exposure over time, avoid the drug premature elimination, 

support the crossing of biological barriers, and minimize the side-effects caused by anti-

inflammatory drug exposure elsewhere in the body (Lyndon et al. 2014, Zilberman et al. 

2010). Also, and in terms of outcome for the patient, a post-operative dose of DEX would 

reduce the stress response and improve pain relief following surgery by modulating the 

acute phase response following hip and knee replacement (Allen et al. 2010, Backes et 

al. 2013, Salerno & Hermann 2006).  Even though they have shown exceptional 

capabilities in terms of applicability and versatility, regarding orthopaedic field, most of 

the anti-inflammatory drug-eluting implants are still in early developing stages. Being one 

of the biggest challenges related to the drug release profile, critical parameters such as 

release time and rate, as well as dosage for optimal therapeutic concentration (Santos 

et al. 2014) are still being optimized. Due to this need, in our study we have investigated 

a novel anti-inflammatory drug-eluting implant model system: functionalised-TiO2

particles loaded with DEX, prepared by different synthetic routes. This way we could 

assess the effect of linker between DEX and functionalised-TiO2 particles on drug 

release kinetics e.g. release duration, rate, and concentration.  

Based on previous studies (Bhardwaj et al. 2007, Urbanska et al. 2014, Wang et al. 

2015b), we can assume that the DEX release profile will mainly depend on the structure 

and hydrolysis rate of the linker between DEX and functionalised-TiO2 particles, which 

are strongly affected by the type of route i.e. amino, mercapto or LbL utilized on this 

study, and by the pH conditions of surrounding environment. Aiming to assess the effect 

of different environments, different pH buffers were employed to study the release of 

DEX from the functionalised-TiO2 particles. PBS and acetate buffer were chosen to 

respectively mimic two distinct situations: physiological healthy conditions (pH~7.0), and 

inflammation represented by acid conditions (pH~6). 

Overall, the release profiles obtained in this work present a good reproducibility, as 

shown by the relatively small deviations (5% total drug released) in independent 

experiments.  Results from drug release studies have shown that release of DEX was in 

fact affected by type of synthetic route utilized to obtain functionalized-TiO2 particles, as 

well as pH of the release environment/media (Figure 40, Figure 41). For instance, for 

amino and mercapto routes where DEX was covalently bounded to carboxyl-

functionalised particles, drug was released within 24 hours. Furthermore, the highest 

concentrations of DEX were released under physiological conditions i.e. at pH=7 for both 
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amino (13.08 ±0.17 µg/mL) and mercapto (7.54±0.08 µg/mL) routes. This release profile 

can be explained based on the assumption that DEX is being released from 

functionalised-TiO2 particles in a manner consistent with ester bond hydrolysis, 

increased degradation is observed when the pH increases, thus leading to the higher 

release of DEX at physiological pH than that at more acidic conditions. A similar drug 

release profile was observed by Nuttelman and co-workers (Nuttelman et al. 2006), when 

DEX was covalently attached to polyethylene glycol (PEG)-based hydrogel scaffold. In 

addition, results showed that independently of the pH conditions, it was evident that 

higher concentration of DEX was released when amino route was applied. When 

comparing DEX concentration released from amino-functionalised particles with that of 

mercapto-functionalised-particles, a ~3.5-fold and a ~1.85-fold increase was observed 

respectively at pH=6 and pH=7. This drug release profile is in agreement with TGA 

analysis which reveals that a higher % of organic content is observed after DEX 

attachment to amino-functionalised TiO2 particles (6.37±0.83, Table 6) when compared 

to the ones obtained via mercapto route (4.79±0.37,Table 8). In this sense, since 

particles obtained via amino route have higher amount of DEX attached than the ones 

obtained via mercapto route, it makes sense that the concentration of drug released 

would be higher. 

As for LbL route (experiment 2), DEX was attached to (amino)-functionalised TiO2

particles, with subsequent deposition of CH and ALG layers, interactions between layers 

are mainly electrostatic. The most attractive feature of LbL technique is the possibility of 

obtaining a tuneable drug release (Wood et al. 2005) and consequent controlled host 

response (Macdonald et al. 2011), which ameliorates both the medical and financial 

burden of complications from implantation  As for the polyelectrolytes pair, the 

advantages of CH and ALG have been previously highlighted in studies involving LbL 

coating of biomedical devices, including drug delivery (Hammond 2012, Tang et al. 

2006). Besides being non-toxic and biocompatible polymers CH/ALG multilayers have a 

superior advantage of protecting DEX layer and proving a more controlled release (De 

Villiers et al. 2012, Rivera et al. 2015). Moreover, it is a convenient alternative for the 

commonly described biodegradable pair of polymers PLGA and PLA, since it does not 

involve the utilization of organic solvents and associated toxicological effects (Caetano 

et al. 2016). Nonetheless, no study of LbL assembly CH/ALG on functionalised TiO2-

particles with DEX as drug model has been reported. The drug release studies showed 

that DEX was released from functionalised-TiO2 particles in a more controlled and 

prolonged manner (20 days release), when compared to that observed for mercapto and 

amino routes (24 hours). Consequently, allowing the possibility of obtaining a more 

prolonged and controlled release of DEX. These results are in line with previous studies 



131 

(Han et al. 2016, Jayant et al. 2009) that have demonstrated the efficacy of LbL coating 

in reducing the initial burst release, as well as prolonging the period of drug release 

(Buriuli & Verma 2017). Mainly because with LbL coating, the composition and number 

of layers surrounding the drug can be precisely tuned, hence allowing to modulate the 

release profile of drugs (Ariga et al. 2011, De Villiers et al. 2012, Wood et al. 2005). 

Moreover, the duration of DEX release from LbL-functionalised particles was higher than 

the one observed for other drug delivery systems reported in previous studies; such as 

14 days release observed for N-(2- hydroxypropyl) methacrylamide copolymer  (Wang 

et al. 2007), and the 15 days release observed for electro.spunned polycaprolactone 

nanofibers (Martins et al. 2010). 

The release of DEX from LbL particles involves two processes: a) bulk media solution 

diffuse into the LbL particles to dissolve the DEX drug and b) the dissolved DEX 

molecules diffuse out of the LbL particles, through the surrounding layers (Pargaonkar 

et al. 2005). Since, different pH release media conditions are known to dissolve DEX in 

a different manner, and the diffusion of DEX proceeds through the layers (Pargaonkar et 

al. 2005), from the surface toward the core (functionalised-TiO2-particles) different 

release profiles were observed. As can be seen in Figure 42 and Figure 43, in LbL route, 

overall DEX release profiles varied according to the (a) number of layers surrounding 

DEX layer, 0 layers (LbL 0) or 4 layers (LbL 4), and (b) the pH value of the release media 

(pH=6 vs pH=7). Accordingly, when comparing DEX released from LbL 0 and LbL 4, 

higher DEX concentrations were released from particles where DEX was the outer layer 

(LbL 0 and LbL 2). Whilst, when DEX layer was surrounded by CH/ALG layers (LbL 1, 

LbL3 and LbL 4) a more controlled release profile and smaller drug concentrations were 

released. In addition, a decrease of the initial burst release (24h) was observed for LbL 

particles surrounded by more CH/ALG layers. This trend was observed for both release 

media at pH=6 or pH=7. This could be attributed to the higher the number of CH/ALG 

layers surrounding DEX-loaded TiO2 particles which results in a higher the diffusional 

path length that DEX has to traverse (Jayant & Srivastava 2007, Santos et al. 2018), as 

well as in a decrease of DEX exposure due to being in particles surface (outer layer).In 

this sense, our results agree with literature, several examples of enhancing the number 

of coating layers in LBL particles have shown to decrease both drug release 

concentration and initial burst release  (Han et al. 2016, Jayant et al. 2009, Pargaonkar 

et al. 2005, Santos et al. 2018). Jayant and co-workers (2009) have reported a significant 

difference (p < 0.05) in the rate of DEX release when comparing uncoated and coated 

alginate microspheres. In this study the EDC/NHS-cross-linked (polyallylamine 

hydrochloride/ Poly (acrylic acid) coated-microspheres have shown to release only 29% 

(cumulative release) of DEX after 30 days, whereas for uncoated microspheres the 
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cumulative release of DEX was 100% after 22 days. Similar results were reported by 

Jayant and co-workers (2007), release studies showed that uncoated DEX-alginate 

microspheres demonstrate a cumulative release of 78% of initially encapsulated DEX as 

compared to one PSS/PAH bilayer coated microspheres, which demonstrate a 

cumulative release of 32%  (Jayant & Srivastava 2007).  

Apart from the effect of the number of layers, the pH value of the release media (pH=6 

vs pH=7) also showed to affect DEX release from LbL-functionalised TiO2 particles. The 

environmental conditions (i.e. pH of release media) on the quantity of DEX released can 

be extremely relevant for system application. In this context, the release profiles obtained 

in this study, could provide a good insight on the behaviour of this model system within 

the local where DEX will be released, the healthy (pH~7) and inflamed joints (pH~6) (De 

Nadai et al. 2013). Drug release studies performed in this study showed that 

independently of the number of layers (CH/ALG) surrounding DEX, a higher 

concentration of drug was released under more acidic conditions (pH<7) when compared 

to that released under physiological conditions (pH~7). This is agreement with previous 

studies (Feng et al. 2014, Han et al. 2016, Pargaonkar et al. 2005, Wang & Rempel 

2013), where pH conditions have shown to affect the drug release profile of LbL-coated 

particles. This pH-dependent release can be explained based on behaviour (i.e. degree 

of ionization) of CH and ALG under different pH conditions. It is well known that in 

CH/ALG LbL systems, the ionic interactions between the carboxylate groups of ALG and 

the protonated amines of CH are a requirement for a stable assembly (Caetano et al. 

2016, Lawrie et al. 2007). Previous studies have already reported this stability can be 

affected by pH, which cause variations degree of ionization of both CH and ALG (Santos 

et al. 2018, Shiratori & Rubner 2000). Mostly the pH variations affect the surface charge 

density, and hence alters the electrostatic interaction between CH/ALG layers. Since 

electrostatic interaction is the dominant driving force between CH/ALG layers and DEX, 

the differences observed in DEX release profile for different pH conditions can be 

explained based on the degree of ionization of CH and ALG polyelectrolytes (Feng et al. 

2014, Han et al. 2016, Lawrie et al. 2007). Taking CH layer as an example, usually CH 

(pKa≈6.0-6.5) becomes cationic at more acidic conditions (pH=5.0-6.0), and as the pH 

becomes more acidic the more cationic CH become (more protonated amine group) 

(Silva et al. 2015). Although as reported by Chang et al. (2015) at neutral pH=7, CH 

becomes deprotonated, thus CH positive surface charge decreases or even becomes 

negative, and due to the formation of intramolecular hydrogen bond the CH molecules 

start to aggregate (Chang et al. 2015). This decrease of surface charge and molecules 

aggregation of chitosan could explain the sustained release of neutral conditions 

(pH~7.0). An example of these findings and a similar drug release trend to one observed 
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in our study was reported by Feng and co-workers that showed that release rate of 

anticancer drug, doxorubicin, from CH/ALG multilayer mesoporous silica nanoparticles 

was much higher at lower pH (pH<7) than that at physiological conditions (pH=7.4) (Feng 

et al. 2014).  

Another probable explanation for higher DEX release under more acidic conditions can 

be based on ALG layer behaviour, more specifically on the degree of ionization of 

carboxyl groups. Typically, under more acidic conditions carboxyl groups are more prone 

to be deionized (Han et al. 2016)., thus diminishing the electrostatic interaction of ALG 

with the other layers (CH and DEX). Consequently, due to low electrostatic stability, 

layers surrounding DEX are more easily eroded than at under basic conditions. 

Furthermore, the DEX release profile can also be explained based on higher solubility of 

DEX at more acidic conditions which leads to release of higher concentrations. As 

previously reported by Wang and co-workers the highest release of DEX occurred under 

the most acidic release conditions (pH<7.4). This study was reported that after 14 days, 

the following percentage of loaded DEX was released from the N-(2- hydroxypropyl) 

methacrylamide copolymer: 14%, 2.5% and 1%, respectively at pH=5.0, pH=6.0 and 

pH=7.4 (Wang et al. 2007). Similarly, Chung and colleagues showed a higher release of 

DEX at pH=7.4 (1.4 µg/mL) when compared to that of pH=6.8 (6.4 µg/mL) (Chung et al. 

2015); when studying the ultrasensitive reactive oxygen species (ROS)-responsive 

hollow microsphere as anti-inflammatory drug delivery system. Also, Zolnik & Burgess 

(2007) reported that a faster release/kinetics of DEX from PLGA microspheres was 

observed at more acidic conditions (pH=2.4, 3.48/day)  when compared to that at 

physiological conditions (pH=7.4, 2.13/day ) (Zolnik & Burgess 2007).  

Another example of the pH influence on drug release profile was observed for LbL 3 

particles. More specifically the effect of pH conditions on the erosion of ALG layer, which 

was the outermost layer in LbL 3 particles (DEX+CH+DEX+ALG). As it was discussed 

above, the DEX release profile for all LbL-functionalised particles tested (LbL 0, LbL 1, 

LbL 2, LbL 3 and LbL 4) followed the same release trend, where the concentration of 

drug released from LbL particles has shown to decrease with the increasing number 

layers surrounding DEX. Accordingly, for LbL 0 and LbL 2 a higher concentration of DEX 

was released than for LbL 1, LbL 3 and LbL 4 particles. Furthermore, following the same 

logic the concentration of DEX released from LbL 3 was higher than the one released 

from LbL 4. Although at pH=7, a different behaviour was observed: DEX release profile 

obtained for LbL 3 particles was very similar to that of LbL 4 particles. Similar behaviour 

was reported by Han and co-workers, which have demonstrated that ALG layers were 

more easily eroded under acidic conditions (pH 6.0) than under weak basic conditions 

(pH 7.4) (Han et al. 2016). This resulted in weak interaction between ALG and DEX layer, 
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hence resulting in higher concentration of DEX released under more acidic conditions. 

On the other hand, at pH=7 DEX release was hindered by stronger interaction between 

DEX and ALG layer. 

Moreover, it was observed that DEX concentration/release rate released from LbL 

particles decreased over the time. Being the highest concentrations of DEX released 

during the initial days (24h and 48h), whilst smaller concentrations were released at 1 

and 2 weeks. Also, slightly higher concentrations of DEX were released at 72h, when 

comparing to the one release at 2W from both LbL 0 and LbL 4. This phenomenon can 

be related to the drug distribution across the LbL structure. The DEX encapsulated 

seems to have faced an extra physical barrier, resulting in a slowdown in the release 

rate; where the CH/ALG layers surrounding DEX act as a controllable barrier between 

the (amino)-functionalised TiO2 particles and the release conditions (Li, P., et al., 2008). 

Haidar and co-workers (2008) have previously demonstrated that CH/ALG layers, 

provide a protective effect for shell degradation, thus delaying release of biological 

compounds.  

The time-frame aspects of anti-inflammatory drug release that will modulate the foreign 

body response to implant are still not well understood. Although it is known that to obtain 

an efficiently modulation of inflammatory response, the release of drug should at least 

be controlled and continuous (Hickey, et al. 2002). Moreover, in terms of biological 

action, corticosteroids are known to bind to cytoplasmic glucocorticoid receptors, where 

at high-dose these drugs will increase the activation of anti-inflammatory genes, while at 

low concentrations a suppression of activated inflammatory genes will be observed 

(Dutra-Medeiros et al. 2014). 

Taking into account that the inflammatory tissue response starts during the first seconds 

after device implantation (Figure 4),  drug release profiles obtained for amino and 

mercapto route could be highly favourable to control initial acute inflammation (1-3 days) 

at the site of implantable devices (Hickey, Kreutzer, Burgess, & Moussy, 2002a). On the 

other hand, when LbL route was applied, a more prolonged (~20 days) and controlled 

release (CH/ALG layers-dependent) of DEX were observed, where overall a higher 

concentration of DEX was released from TiO2 particles under more acidic pH value 

(pH=~6). All these characteristics suggest the potential of model system obtained by LbL 

route to avoid a prolonged acute inflammation, known as chronic inflammation. 

Moreover, a low burst release of DEX (<10 mg/mL), which can be controlled by CH/ALG 

layers, is important to prevent local toxic side effects out coming from a high 

concentration of anti-inflammatory drugs (Oray et al. 2016, Petit et al. 2014). 

Overall, the release profiles obtained in this study for amino, mercapto and LbL routes 

show that that the model system developed here was able to protect DEX from the 
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surrounding environment, avoiding the immediate release. Particularly the one obtained 

by LbL route where DEX was released for prolonged period, and a controlled delivery of 

DEX at the implant site can be achieved by tailoring the number of CH/ALG layers around 

DEX. In addition, the highest concentrations of DEX were released under more acidic 

conditions, which is one of the pathological feature of inflamed joints (Wang et al. 2007). 

Due to these reasons, the release profile of DEX observed for TiO2 particles obtained by 

LbL route, could be very suitable to achieve an adequate anti-inflammatory action after 

joint replacement surgery. Mainly because the high-dose of DEX released in an initial 

phase (1st week) could increase the activation of anti-inflammatory genes, whereas low 

concentration released at second phase (2-3weeks) would promote the suppression of 

activated inflammatory genes (Dugel et al. 2015, Dutra-Medeiros et al. 2014), and thus 

promote implant osteointegration. Moreover, it has been reported that extended hospital 

course (>3days) for patients undergoing orthopaedic surgery, (Bhusal et al. 2016, Qu et 

al. 2015) is caused by the inappropriate pain control. In this case, the controlled and 

extended release of DEX observed from LbL-functionalised particles could potentially 

improve the quality of life and compliance of patients by providing a better pain 

management in a post-surgery phase, thus minimizing the time spend in the hospital 

(Bhusal et al. 2016).  

Another advantage of utilizing LbL route is that unlike amino and mercapto routes, no 

covalent binding is involved in the synthesis of DEX-loaded-functionalised TiO2 particles, 

which allows DEX to remain intact (De Villiers et al. 2012). Therefore, the DEX released, 

which was detected by HPLC is not seen as a new chemical entity, which in terms of 

biological effect could show even better results due to “purity” of drug released. 

Moreover, being a deposition technique LbL route can be utilized to uniformly coat TJR 

implant surface, both extremely small features or larger surfaces(Macdonald et al. 2011). 

Altogether these results suggest LbL route as the most appropriated synthetic route to 

obtain a release profile to modulate the inflammatory response in TJR. However, as 

described in the following section, more studies (e.g. assessment of the anti-

inflammatory effect and cellular viability) were needed to confirm these assumptions. 
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4.3. Raw 264.7 cell studies  
From a cellular point of view, macrophages are the first immune cells to act towards 

invading organisms or tissue injury, and they play a key role in inflammatory response 

(Goodman et al. 2014, Hallab 2016, Nich et al. 2013). Hence, making them the in vivo 

targets for the anti-inflammatory drug-eluting implant model system here in develop.  

Therefore, cytotoxic and anti-inflammatory properties of DEX-loaded functionalised-TiO2

particles were tested in a rapid and reproducible in vitro mouse macrophage-like cellular 

model, by utilizing murine RAW 264.7 cells. Previous studies utilizing Raw 264.7 cells 

have confirmed their ability to produce and release markers of inflammation (Chan et al. 

2015, Hoareau et al. 2010, Joo et al. 2014). Therefore, these cells have proven a 

valuable tool for researchers conducting pharmacological research to identify novel anti-

inflammatory drug candidates. Lipopolysaccharide (LPS) was utilized to activate the Raw 

264.7 macrophages, resulting in the secretion of pro-inflammatory cytokines, including 

nitric oxide (NO) and tumour necrosis factor alpha (TNF-α) (Pinho et al. 2011, Sharma 

et al. 2007). The suppression of which was utilized to investigate anti-inflammatory effect 

of DEX released from functionalised-TiO2 particles. Overall, in vitro studies showed that 

both DEX released from amino, mercapto and LbL-functionalised particles exerted an 

anti-inflammatory activity by decreasing NO and TNF-α production in LPS-activated 

macrophages. Although LbL particles showed a prolonged release of DEX which 

resulted in a more continued anti-inflammatory activity (at least 2 weeks) than that 

observed for amino and mercapto particles (24 hours). The utilization of DEX as an anti-

inflammatory drug before and after joint replacement surgeries, mainly via oral 

administration, has been widely described (Backes et al. 2013, De Oliveira et al. 2011, 

Goodman et al. 2014). However, in this work, we elucidate for the first time the local anti-

inflammatory and respective cytotoxic effects of DEX released from functionalised TiO2

particles on LPS-activated murine macrophages. 

4.3.1. Cellular viability  
Cytotoxicity testing of implantable devices, such as TJR, is recommended by regulatory 

bodies (American Society for Testing and Materials, ASTM F2033-12) and is considered 

as one of the most fundamental tests for biocompatibility (Koschwanez & Reichert 2007, 

Schuh 2008, Values et al. 2005). Moreover, being important inflammatory modulators, 

NO and TNF-α can also be cytotoxic mediators (Kröncke et al. 2001, Sedger & 

McDermott 2014). For instance, when assessing biological activity naphthoquinones, 

Pinho and co-workers have reported that macrophages death would decrease the 

number of NO producing cells (Pinho et al. 2011), and thus providing erroneous results 

about anti-inflammatory efficacy. For this reason, preliminary cell viability studies were 
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performed as a complement to the anti-inflammatory activity assessment. Aiming to 

guarantee that the anti-inflammatory effect of DEX released from functionalised TiO2-

particles obtained by different synthetic routes will not be due to cell death/toxicity.  

Importance of preliminary viability studies 

Although sometimes preliminary studies can be repetitive and time consuming, they are 

often conducted to investigate whether crucial components of an experiment will be 

feasible, thus obtaining a more efficient study. In our study, the preliminary experiments 

were important to guarantee that concentrations and type of treatments (i.e. filtered or 

non-filtered) will not cause cell toxicity or misleading/false anti-inflammatory effect.  

In a first stage preliminary studies were performed to investigate the toxicity of different 

concentrations of DEX alone and release buffers. Our results showed that the non-toxic 

effects of DEX occurred at lower doses (<20 µg/mg), at which increased cell growth and 

recovery from damage was observed even after 72h of exposure. However, at higher 

doses (60 and 100 µg/mL) and long-term exposure (72h), DEX has showed to be 

cytotoxic. Respectively a significant decrease on cellular viability of 50% was observed, 

when compared to control group. Similar results were reported by Wernecke at al. 

(2015), when assessing the dose and time dependence of DEX toxicity on chondrocytes 

(Wernecke et al. 2015). This study showed that low doses (2.5-50 μM) and short 

exposure times (<1 day) were correlated with maintenance of cell viability. On the other 

hand, for higher doses of DEX (>100 μM) and more prolonged culture times (72h), 

detrimental cellular effects were observed, such as decreased collagen levels, 

chondrotoxicity, and extracellular matrix breakdown.  

As for preliminary studies concerning release buffers, results showed that when 

incubated with LPS most of the release buffers concentrations induced significant 

(p<0.05) decrease on cellular viability, except for the one where release buffer was 

diluted to 1:10 (10% concentration). This information was crucial when assessing the 

toxicity of DEX released from functionalised-TiO2 particles, because treatments were 

diluted up to a concentration of 10% before being added to the Raw 264.7 cells. 

Moreover, when toxicity of DEX released from functionalised-TiO2 particles was 

investigated, results obtained by MTT assay showed that the LPS-activated Raw 264.7 

cells exposed to non-filtered samples presented significant (p<0.05) decrease on cellular 

viability. This decrease on cellular viability caused by non-filtered samples can be related 

to the presence of TiO2 particles in the sample, which were removed when sample was 

filtered. 

Together these results obtained from the preliminary studies were important to find out 

that samples should be filtered and diluted (1:10) before being added to Raw 264.7 cells, 
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otherwise the potential decrease of inflammatory markers (e.g. NO decrease) will be due 

to cell toxicity and not due to anti-inflammatory activity. Hence, the importance of 

performing preliminary studies before starting the main experiment was here in 

demonstrated. 

DEX released from functionalised-TiO2 particles  

Results obtained from viability studies (MTT assay) indicated that DEX released from 

functionalised-TiO2 particles obtained by amino/mercapto (Figure 51) and LbL (Figure 

52) routes, did not caused appreciable cytotoxicity in LPS-activated RAW 264.7 cells; 

except at 72 hours, where a higher decrease (10-15%) on viability was observed. The 

decrease of cellular viability observed for DEX released from functionalised-TiO2

particles is in line with that of DEX alone. This decrease could be explained based on 

DEX ability of inhibiting nuclear factor-kappa B (NF-Кβ). This transcription factor which 

plays a central role in inflammation, is also involved in several cellular processes 

(Brantley et al. 2001) such as cell proliferation and apoptosis. Thus NF-Кβ inhibitory 

ability of DEX could be hampering the cellular proliferation, and thus decreasing cellular 

viability of Raw 264.7 macrophages over longer period of exposure. Moreover, most of 

the studies involving DEX exposure to Raw 264.7 macrophages are performed for 

shorter periods of time such as 6,18 or 24 hours, suggesting that over incubation period 

of 72h exposure might be causing media toxicity which results in a decrease on cellular 

viability without any external stimulus. Similar results were reported by Wernecke at al. 

(2015), when assessing DEX toxicity on chondrocytes (Wernecke et al. 2015). This study 

showed that short exposure times (<1 day) were correlated with maintenance of 

chondrocytes viability. On the other hand, for more prolonged culture times (72h), DEX 

may have detrimental effects on cells, such as decreased collagen levels, 

chondrotoxicity, and extracellular matrix breakdown. It is also worth emphasizing that 

although significant (p<0.05), when compared to control group, this decrease on cellular 

viability cause by DEX released from functionalised-TiO2 particles was not as significant 

(p<0.05) as the one induced on Raw macrophages treated with release buffer alone 

(~20%). In addition, results showed that cellular viability was never less than 80% relative 

to LPS control group. Because these are the same activated cells on which the anti-

inflammatory activity is tested, this noncytotoxic behaviour suggests that the efficacy 

reported will be primarily due to the anti-inflammatory activity.  
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4.3.2 Optimization of in vitro inflammation system model  
Exposure of macrophages to pathogens, such as bacterial LPS, initiates a signal 

transduction cascade that leads to secretion potent effector molecules, including 

increased production of pro-inflammatory cytokines such as TNF-α, and inflammatory 

mediators such as NO, the hallmarks of activated macrophages (Cho et al. 2008, Oh et 

al. 2012). In this context, the regulation of this signalling pathway is crucial for modulating 

the initial phases of the immune response to foreign pathogens. For that reason, in vitro

models such as LPS-activated Raw 264.7 macrophages have been widely used for the 

screening of anti-inflammatory activity of different agents/compounds (Kim & Ha 2009, 

Pinho et al. 2011, Vairappan et al. 2013, Yang et al. 2014), and potential anti-

inflammatory delivery systems (Bosnjakovic et al., 2011; Joo et al., 2014; S.-Y. Lee, et 

al., 2013; Terra et al., 2007; Yuan, Chen, Sun, Guan, & Xu, 2013), as evidenced by the 

abundance of scientific articles published over the last 10 years 

In this study optimal experimental conditions, macrophages density and LPS 

concentration, were investigated to obtain a reliable and reproducible in vitro

inflammation model. This is critical feature for any in vitro cell-based model when 

conducting biological research to identify novel drug delivery systems (Hughes et al. 

2011, McKim 2010), which may or may not possess inherent cellular toxicological 

properties. Due to rapidity and simplicity, the measurement of NO production by Griess 

reagent was utilized as screening tool for this optimisation study. Although NO production 

by Griess reagent assay has been commonly utilized by the scientists, the optimization 

of experimental conditions to obtain a reliable in vitro inflammation model were still 

investigated in this study. In addition,  the excessive production of NO has been 

considered to be toxic for macrophages (Mandrika et al. 2001). Hence the cellular 

viability of LPS-activated cells under different parameters (e.g. cell density and LPS 

concentration) was also investigated to complement the optimization of in vitro

inflammation model. The importance of optimizing experimental conditions of 

inflammatory mediators production in LPS-activated macrophages have been described 

previous studies (Hosseini et al. 2014, Huang et al. 2012, Jacobs & Ignarro 2003). For 

instance, Huang and colleagues (2012) optimized the cell density, LPS concentration 

and duration of LPS stimulation to measure NO production in mouse peritoneal 

macrophages. A similar optimization study was performed by Tweedie et al. (2009) to 

measure TNF-α production in LPS-activated murine macrophages (Tweedie et al. 

2009a).    

In general, results showed that in fact NO production was affected by both cell density 

and LPS concentration. Similar results were reported by Hosseini and co-workers when 

optimising the conditions for evaluating NO production in microglia cell line (BV-2), NO 
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production followed a temporal pattern and showed to be cell-density and LPS-dose 

dependent (Hosseini et al. 2014). The optimal results, a quantifiable NO production at 

non-toxic levels, were obtained with combination of cell density of 2x104 cells/well and 

LPS concentration of 1 μg/mL.  

Moreover, with optimised cell density (2x104 cells/well), NO and TNF-α production by 

LPS-stimulated Raw 264.7 cells showed to be dose-dependent and to increase over time 

(Figure 60). At 24h, LPS-stimulated cells showed to produce significant level of 

inflammatory NO and TNF-α proteins, respectively with an approximate 20 and ~74-fold 

increase when compared to control group. This is line with previous studies which have 

shown that LPS-activation of macrophages results in concentration-dependent and 

increased NO (Pinho et al. 2011, Wu et al. 2003) and TNF-α production (Tweedie et al. 

2009b). Also, Chiou and co-workers (2000) showed a 16-fold increase in NO production 

of 24h-LPS-stimulated macrophages (1µg/mL) when compared to that of unstimulated 

ones. Similarly, an increased production TNF-α protein (112-fold increase) in LPS-

activated macrophages was observed by Miller & hunt (1998) when compared to that of 

unstimulated cells only after 6 hours-exposure. 

Furthermore, not only in LPS-stimulated cells the NO and TNF-α was increased (Figure 

60), but also the majority of RAW 264.7 cells acquired dendritic morphology upon LPS 

stimulation (Figure 58). As observed by fluorescent microscopy, results showed that 24h, 

LPS-activated Raw 264.7 macrophages developed elaborate filopodia-like protrusions, 

like dendritic-cells type. These changes in macrophages cells morphology and size upon 

LPS exposition were also described by other authors (Lee et al. 2008, Saxena et al. 

2003, van Helden et al. 2008); which have reported that when macrophages encounter 

stimuli like LPS, they undergo through morphological and phenotypic changes towards 

activated and polarized dendritic macrophages (M1 and M2 type) (Anderson et al. 2008, 

Mills & Ley 2014). 
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4.3.3 Anti-inflammatory activity 
In general, implants, such as TJR, undergo tissue response after implantation into living 

tissues (Wu et al. 2015). During inflammatory process, cytokines such as NO and TNF-

α are released, and thus they can be utilized for measuring the inflammatory reactions 

level after material implantation, including aseptic periprosthetic osteolysis (Bi et al. 

2017, Boyce et al. 2005, Holt et al. 2007). There is a considerable body of evidence 

showing that there is an increased presence of TNF-α and NO in the fluid and inflamed 

periprosthetic membrane tissue obtained from loosened implants (Banaszkiewicz 

2014a,b; Zhao et al. 2016). Because of its pivotal role in anti-inflammatory activity of 

macrophages, a significant effort has focused on developing therapeutic agents that 

regulate/decrease NO and TNF-α production.  

Preliminary studies 

Regarding NO production, preliminary studies showed that none of the tested 

compounds, DEX (Figure 61), release buffers (Figure 63, Figure 64), or DEX released 

from functionalised-TiO2 particles (filtered samples) (Figure 65) induced changes in NO 

basal levels, when incubated without LPS. Meaning that release buffers and DEX 

released itself did not exert any effect i.e. inflammation or death on unstimulated-cells.  

On the other hand, LPS-stimulated cells (control group) showed high and increasing 

levels of both NO and TNF-α during the study period of 72 hours. Although it should be 

noted that when LPS-activated Raw 264.7 cells were exposed to release buffers (Figure 

63.B,Figure 64.B), results showed that among all concentrations tested only 10% did not 

cause a significant decrease (p<0.05) on the NO production, when compared to LPS 

control group. Although less pronounced, the same effect was observed for cellular 

viability (Figure 45). It is known that release buffers do not exert anti-inflammatory 

activity, therefore the cell death which was caused by high concentration of PBS leaded 

to an incorrect interpretation of NO inhibition. From these results, we could then conclude 

that NO decrease observed for release buffers with concentrations higher than 10%, was 

mainly caused by significant cell toxicity and not due to anti-inflammatory activity. For 

this reason, only treatments (filtered samples with 10% concentration) which did not 

cause a decrease on cellular viability with statistical meaning were considered to exert 

an anti-inflammatory effect. Together these results obtained for cells exposed to different 

concentrations of release buffers, have shown the importance of simultaneous assessing 

NO production and cellular viability.  

Furthermore, when the effect of DEX alone (3.9–20 µg/mL) was assessed, a dose-

dependent decrease of NO and TNF-α was observed, accordingly this effect was at its 

greatest when cells were exposed to 20 µg/mL of DEX. These observations are 
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consistent with earlier reports from other investigators who have shown that DEX 

significantly decreased levels inflammatory mediators such as TNF-a (Bouwmeester et 

al. 2004, Hermoso et al. 2004, Miller and Hunt 1998) and NO (Korhonen et al. 2002, 

Pinho et al. 2011) in LPS-activated macrophages. Miller & Hunt (1998) have showed a 

significant decrease of TNF-a concentrations of LPS-activated RAW 264.7 macrophages 

when exposed to DEX (Miller & Hunt 1998). For instance Yoon and co-workers (2010) 

have shown that DEX (20µM or 8 µg/mL) decreased LPS-induced production of TNF-in 

Raw 264.6 macrophages by ~40% (% to LPS control) (Yoon et al. 2010) after 24h 

exposure. 

Model system: DEX-loaded-functionalised TiO2 particles 

As it was observed for DEX alone, DEX released from functionalised-TiO2 particles 

obtained by amino, mercapto and LbL routes, decreased both NO and TNF-α production 

in LPS-activated macrophages. Together with results obtained from cellular viability 

studies (viability>80%), the anti-inflammatory efficacy of model system here in reported 

was confirmed excluding the hypothesis of a non-specific decline in protein synthesis 

due to drug-induced toxicity. Similar effect was observed in previous studies where the 

anti-inflammatory compounds tested have shown to simultaneous reduce LPS-induced 

nitrite accumulation and TNF-α secretion in RAW 264.7 macrophages (Chan et al. 2015, 

Joo et al. 2014, Kiemer et al. 2002). Moreover, when evidenced the anti-inflammatory 

efficacy of model system was very similar to the one observed for cells treated with 

positive control (DEX 3.9 and 10 µg/mL). Similar studies have reported the anti-

inflammatory effect of DEX released from drug-eluting systems (Fratoddi et al. 2012, Luo 

et al. 2011, Ren et al. 2014, Vallejo-Heligon et al. 2016). Robinson and colleagues have 

shown that LPS activation of inflammatory cytokines expression was decreased through 

the presence of DEX (10µg/mL) released from amine-Functionalized Poly-p-xylene 

(Parylene A) surface, where a decrease of ~ 60% was observed on TNF-α expression 

when compared to LPS control group (Robinson et al. 2008). 

However, when the anti-inflammatory effect of the synthetic routes applied was 

compared different anti-inflammatory effect/trend was observed: DEX released from 

functionalised-TiO2 particles obtained by LbL route was more prolonged than that of 

amino and mercapto routes, 21 days instead of 24 hours. These results are in line with 

drug release studies which clearly showed that for particles obtained by LbL route DEX 

was released for longer periods (~21 days) than that of amino and mercapto routes (24h).  

Moreover, LbL showed to be a more controllable route, where the anti-inflammatory 

effect varied according to number of layers surrounding DEX. For example, under 

inflammatory conditions (pH<7), DEX released from LbL 0 was a more profound TNF-α 
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inhibitor than that of LbL 4, with highest inhibition observed at 72h of ~ 36% for the former 

(24h LbL 0) and 25% for the latter (24h LbL 4). Also, a stronger anti-inflammatory effect 

was observed for DEX released at 24h and 48h than that of 2 weeks. Once more, this 

anti-inflammatory effect is line with the drug release profile obtained for LbL 

functionalised-particles, where higher concentrations of DEX were released at earlier 

time points. Considering that acute inflammatory reaction occurs within 24–48 h (Jayant 

& Srivastava 2007), the demonstrated higher anti-inflammatory efficacy of DEX released 

at earlier time points will guarantee an effective modulation of acute phase. Moreover, 

although minor the anti-inflammatory effect observed for DEX released at 72h and 2W, 

is also important to guarantee that inflammation will be continuous modulated for at least 

2 weeks. Consequently, the continuous and effective anti-inflammatory effect observed 

in this study, suggest that local release of DEX at the implantation site via the TiO2

implant surface will be an approach to suppress the local chronic inflammatory response, 

and consequently avoid aseptic loosening. 

Furthermore, it is important to highlight the biological relevance of this study, which 

simultaneous focuses on inhibition of different inflammatory mediators NO and TNF-α; 

and, also in contrast to most part of the studies reported in literature, the anti-

inflammatory effect was assessed for longer period (i.e. 72h study instead of 18h/24h). 

Hence from a biological point of view, the results obtained in this study provide a more 

comprehensive and consistent information about the anti-inflammatory mechanism of 

the model system developed here Particularly the 3 days lasting anti-inflammatory 

efficacy reported in this study, suggests that our model system will modulate acute phase 

(~2-3 days) thus avoiding the unfavourable chronic phase. In addition, DEX released 

from functionalised-particle was added to the cells, just before LPS addition. This 

observation might be of special importance to elucidate the mechanisms of action of an 

anti-inflammatory eluting implant, particularly as a protective compound to avoid chronic 

inflammation. In this context it is interesting to learn that pre-treatment of macrophages 

with DEX attenuated LPS-cytokine-induced NO and TNF-α production.  

Importance and potential application of model system  

The results of the present work showed that DEX released may modulate the intensity 

of inflammatory processes by inhibiting the secretion of TNF-α and NO pro-inflammatory 

mediators. In terms of clinical application, this model system could be very useful to 

improve TJR outcome. Particularly after TJR surgery, where a prolonged and 

exacerbated inflammatory response can prolong surgical recovery and compromise 

implant outcome. The local anti-inflammatory effect exerted by DEX, as demonstrated 

by NO and TNF-α decrease, could promote a controlled inflammatory response i.e. 
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appropriate balance between pro-inflammatory and anti-inflammatory mediators (Bhusal 

et al. 2016).  The need to modulate inflammation after TJR surgery is obvious, a 

prolonged (chronic) inflammatory response contributes to the pathogenesis of aseptic 

loosening, which is the most common indication for revision surgery. A body equilibrium 

around the implant, where appropriate conditions (i.e. bone formation over bone 

resorption) for bone growth are gathered, is a crucial factor to achieve osteointegration 

and long-term clinical function. There is strong evidence that TNF-α can promote bone 

resorption in vitro and in vivo in osteoblastic cell lines (Boyce et al. 2005, Holt et al. 2007, 

Lam et al. 2000, Lampiasi et al. 2016, Lin et al. 2014, Parameswaran & Patial 2010). 

Hence, being TNF-α a potent mediator of bone resorption (e.g. stimulates osteoclasts 

formation and differentiation), the TNF-α -inhibitory effect observed when LPS-activated 

cells were exposed to DEX, suggests that developed system would help to prevent 

periprosthetic osteolysis. Production of pro-inflammatory cytokines and mediators are 

crucial to resolve inflammation. Although, their overproduction often leads to less 

favourable outcomes such as chronic inflammation and tissue damage. Therefore, the 

NO and TNF-α inhibitory effect exerted DEX released from functionalised-TIO2 particles 

on inflamed cells may serve as a potential strategy for modulating inflammation after TJR 

surgery. 

Possible molecular mechanism to explain anti-inflammatory effect of DEX 

Glucocorticoids, such as DEX, are indicated for the treatment of many inflammatory 

conditions; previous studies (Barnes 2006, Hermoso et al. 2004) have shown that 

clinically glucocorticoids exert their anti-inflammatory effect by binding to a glucocorticoid 

receptor (GR), which switches off multiple inflammatory pathways and genes and thus 

decrease the expression of pro-inflammatory cytokines. By directly affecting steroid-

responsive gene transcription, DEX is known to suppress the production of pro-

inflammatory mediators and cytokines such as NO and TNF-α. The mechanism by which 

DEX suppresses the macrophage function, has been reported to involve the suppression 

NF-Кβ, which is in part mediated by induction of IkBα gene transcription and subsequent 

increase in IkBα protein synthesis. Then newly synthesized IkBα protein inhibits NF-Кβ 

translocation to the nucleus by binding to its free form in the cytoplasm (Author et al. 

1995, Beg & Baldwin As 1993), and hence resulting in a decrease in inflammatory 

proteins production; being all of this is triggered by DEX binding to GR expressed by 

macrophages (Crinelli et al. 2000). 
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Figure 70. Schematic figure of possible signalling mechanisms of DEX released 
from functionalised-TiO2 particles in inhibiting the LPS-induced inflammatory 
response.  
Inflammatory genes are activated by LPS, resulting in activation of IKK2, which activates the 

transcription factor NF-Кβ. A dimer of p50 and p65 NF-κB proteins translocate to the nucleus and 

binds to specific κB recognition sites, as well as to co-activators, such as CBP or pCAF, which 

have intrinsic histone acetyltransferase (HAT) activity. This results in acetylation of core histone 

H4, resulting in increased expression of genes encoding multiple inflammatory proteins. 

Simultaneously, after activation by corticosteroids the GR translocate to the nucleus (1.) and bind 

to coactivators to inhibit HAT activity directly and recruiting HDAC2 (2.), which reverses histone 

acetylation leading in suppression of the transcription (3.) of these activated inflammatory gene 

and consequent repression (4). (Abbreviations: CBP: cyclic binding protein; LPS: 

Lipopolysaccharide; IKK2: inhibitor of I-kB kinase-2, NF-Кβ: nuclear transcription factor Кβ; pCAF: 

p300-CBP associated factor; HAT: histone acetyltransferase; GR: glucorticoid receptor; HDAC2: 

histone deacetylase-2; DEX: dexamethasone). 

In more detail, (Figure 70) after activation by DEX, GR translocate to the nucleus and 

bind to coactivators to inhibit histone acetyltransferase (HAT) activity and recruiting 

histone deacetylase-2 (HDAC2), which reverses histone acetylation, leading in 

suppression of the LPS-activated inflammatory genes. Alternatively DEX can also 

interact with DNA recognition sites to active transcription of anti-inflammatory genes 

(Barnes 2006, Vandevyver et al. 2013). When anti-inflammatory mechanism of DEX on 

LPS-activated macrophages was investigated by Jeon and colleagues, results indicated 

a dose-related inhibition of NF-κB/Rel and AP-1 (Jeon et al. 2000). Specifically, as 

measured by electrophoretic mobility shift assay (EMSA), DEX inhibited DNA binding of 

NF-κB/Rel and AP-1 proteins to their cognate DNA sites. Similarly, Yanamoto and 
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Gaynor (2001) have showed that DEX inhibition of both NO and TNF-α was due to the 

suppression of NF-κB activation (Yamamoto & Gaynor 2001).This signalling pathway 

(Figure 70) might explain our observation of a DEX reduction in TNF-α and NO in LPS-

stimulated macrophages. Although further studies at transcription level are needed, the 

anti-inflammatory activity exerted by DEX released from functionalised-TiO2 particles on 

the investigated inflammatory mediators seems to be mediated via a direct interaction of 

DEX with NO and TNF-α due to trans repression of the NF-κB signaling pathway.  

. 
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5. Conclusion  
Despite being one the most common complication of TJR, there is no approved therapy 

to avoid or treat aseptic loosening following wear-induced periprosthetic 

inflammation/osteolysis.  Considerable research has been done to reduce wear debris 

release and their consequences, including modification on implants design and 

improvement of surgical techniques, although offering some promise none of these 

approaches have yet shown to inhibit or reverse particle-induced osteolysis in a human 

population with sufficiently powered, randomized, controlled trials. This leads to the 

conclusion that most part of the currently applied therapies, depend on the systemic 

administration of anti-inflammatory agents, meaning that their bioavailability at osteolytic 

lesions will mainly depend on the limited blood supply at bone-interface implant.  

Therefore, localised release of anti-inflammatory drugs from implanted TJR could 

modulate the environment of this host cell/implant interface and related inflammatory 

events. Thus, overcoming the aseptic loosening and improve performance of these life-

saving devices. 

As a proof-of-concept, in this study different routes i.e. amino, mercapto and LbL, were 

applied to develop a drug delivery model system, that allows localized and tuneable 

delivery of anti-inflammatory drugs.  

In general, results obtained from TGA analysis, SEM, TEM, FTIR and zeta potential 

measurements show that all routes applied to attach DEX to TiO2 particles were 

successful. Moreover, since the primary hydroxyl group used to attach DEX to carboxyl-

functionalized TiO2 particles is present in most of the glucocorticoids, this chemistry 

would be applicable to conjugate other anti-inflammatory drugs. As for LbL, the only 

requirement is to tailor the solution of the anti-inflammatory drug, so it behaves as anionic 

polyelectrolyte, this can be easily achieved by adjusting the pH of the solution.  

Overall results have also shown that depending on the synthetic route applied, the DEX-

loaded-functionalised TiO2 particles obtained present different features from 

size/morphology to drug release profiles. For example, when LBL route was utilized anti-

inflammatory drug was released in higher concentration, and during a longer period (i.e. 

3 weeks), when compared with DEX release profiles obtained for the mercapto and 

amino routes (24 hours). Hence, proving that different synthetic routes lead indeed to 

different release kinetics. Furthermore, in terms of clinical application, the results 

founded showed the possibility of tuning the pace and concentration of anti-inflammatory 

drug release through a different conjugation route.  



150 

Furthermore, in vitro studies using Raw 264.7 macrophages cell line indicated that DEX 

concentrations released from functionalised-TiO2 particles obtained via amino, mercapto 

and LbL routes, presented anti-inflammatory activity. In other words, results from this 

study have shown that DEX decreased the production of two important inflammatory 

mediators: NO and TNF-α, without considerably adverse cellular effects; such providing 

vital information for the future medical applications (i.e. TJR) of the drug eluting model 

system proposed in this study. Although, based on previous clinical studies/evidence, it 

is known that in theory the functionalised-TiO2 particles obtained by amino and mercapto 

routes, will not provide the release of DEX during the crucial time desirable to modulate 

inflammation i.e. period of 2 days to 2 weeks. On the other hand, when applied LbL 

technique, provided a prolonged anti-inflammatory effect (up to 2 weeks) when 

compared to amino and mercapto routes. In addition, by increasing the number of layers 

surrounding DEX it was possible to control the drug release rate and decrease the initial 

burst release; as well as to maintain the anti-inflammatory activity of DEX, as showed by 

Raw 264.7 macrophages studies. 

Gathering such experimental biological evidence was critical; firstly, because most of the 

Raw 264.7 macrophages studies reported on literature were performed for periods of 18-

24h. And, also because we could not find any study where Raw 264.7 macrophages had 

been exposed to PBS or acetate buffer media yet. Therefore, it is important to highpoint 

the importance of all preliminary experiments performed during this study to obtain 

reliable and reproducible data/results. Additionally, it is important to highlight the utility of 

the rapid and reproducible in vitro RAW 264.7 cell model, which allowed a good 

consistency in studying the anti-inflammatory role of DEX released from functionalised-

TiO2 particles. However, as most in vitro studies, RAW 264.7 cell model presents some 

limitations; parameters such as test sample concentrations, stability and/or potential 

transformation of test compounds, cell line specificity, duration of cell exposure to 

treatment samples, generation of artefacts by compounds in cell culture media, as well 

as other potential reactions should be considered when evaluating cell culture 

experimental results. Therefore, future animal studies should be designed to (i) 

investigate the potential of DEX loaded functionalised TiO2 particles for the modulation 

of acute inflammatory phase, and (ii) completely understand the molecular pathways 

involved in the DEX-mediated anti-inflammatory response, particularly at transcriptional 

level.  
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Nonetheless, the innovative results of this study are very promising both in terms of 1) 

model system of anti-inflammatory drug eluting implant, where DEX was successfully 

attached to TiO2-functionalised particles by all synthetic routes applied; and 2) biological 

studies, where as shown by our in vitro Raw 264.7 cell studies, the DEX released from 

TiO2-functionalised particles apart from not being toxic for the cells, it also showed to 

exhibit an anti-inflammatory activity by attenuating the production of two critical 

inflammatory mediators, TNF-α and NO in LPS-stimulated macrophages. Particularly 

when LbL route was applied, suggesting that continuous release (at least 2 weeks) of 

DEX using LbL CH/ALG functionalised-TiO2 surface would be able to control 

inflammation around the implant. 

In terms of clinical application, the local delivery of DEX, which is attached to implant 

surface, can also overcome the several limitations of anti-inflammatory/osteolytic 

therapies such as lack of efficacy, systemic side-effects, and poor patient compliance. 

Moreover, the post-surgery period and the treatment regimen can be simpler because it 

requires fewer anti-inflammatory dosages and doctor visits than the traditional TJR 

surgery. Particularly, the local delivery of DEX, could prevent the main drawbacks of the 

conventional systemic delivery of anti-inflammatory drug, such as associated renal and 

liver complications. Therefore, the model system here in could be a potential approach 

for patients which undergo TJR, to avoid progressive osteolysis and/or to patients who 

need repeated revision surgery after joint replacement. 

. 
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I. Appendix  

A. Preliminary in vitro studies 

Cell density optimization   
Initially the aim of this study was to assess the behaviour of Raw macrophages 264.7 

cell line upon exposure to dexamethasone-loaded functionalised TiO2 particles for 7 

days. To start these experiments, we decided to use the cell density reported in similar 

reports (Pinho et al. 2011), where a density of 1.5 x 104 cells/well was initially utilized for 

LPS-activated macrophages studies. The first preliminary cytotoxicity studies were 

performed for 7 days, although we noticed that after 5 days of culture the macrophages 

started overgrowing the well (Figure 71).  

Figure 71. Raw 264.6 cells growth, with cell seeding density of 1.5 x 104 cells/well, 
was observed with inverted microscope for 7 days. All pictures have x4 
magnification. 

The MTT assay performed for 5 days, showed that this cell overgrowing was indeed 

causing a remarkable decrease of viability, when cells were exposed to dexamethasone 

and LPS combination or LPS alone (data not shown). Leading to the conclusion that the 

low cellular viability (<50%) observed was not caused by the treatments but due to the 

excess of cells inside the well (Figure 71). After performing preliminary cytotoxicity 

studies and observed the reduced cellular viability after 5 days of culture, we decided to 

study the cellular viability and nitric oxide production for only 3 days. This was a crucial 

parameter for our study, mainly because cytotoxicity has been related to NO production 

(Kröncke et al. 1997, Yoshioka et al. 2003). Therefore, the low cellular viability due to 

cell death observed could result in NO production, and lead to false results for the studies 

performed in LPS-activated cells.  
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Preliminary toxicity studies (RPMI media) 
After optimizing the cell density (1.5 x 104 cells/well) and number of culture days (3 days), 

the cellular viability was then assessed when cells were exposed to DEX, and to the 

broths, collected from amino and mercapto routes (Figure 72).these results showed that 

only higher concentration of DEX (>100µg/mL) significantly reduced cellular viability.  

Figure 72. Effect of dexamethasone in cell viability. RAW 264.7 macrophages were 
exposed to range of concentrations between 3.9 and 100 μg/mL during 18h, 24h, 
and 72 hours. Cell viability was assessed by MTT (a) and LDH assay (b).  
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Figure 73. Effect of broths, collected different time points (24h-144h) from drug 
release studies (Amino Route) performed at pH 4, in cell viability. RAW 264.7 
macrophages were exposed to broths during 18h, 1day, and 3 days. Cell viability 
was assessed by MTT (a) and LDH assay (b). 
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Figure 74. Effect of broths, collected at 24h time point, from drug release studies 
(Mercapto Route) performed at pH 4, in cell viability. RAW 264.7 macrophages 
were exposed to broths during 18h, 1day, and 3 days. Cell viability was assessed 
by MTT (a) and LDH assay (b). 

When cells were exposed to broths collected from drug release studies performed at 

pH=4, results obtained (Amino Figure 73, and Mercapto Figure 74) show that for all 

broths tested the cellular viability was very low (<50% when compared to control), 

especially after 72h exposure.  Moreover, broths obtained from the drug release studies 

of particles obtained via mercapto and amino route present very similar results, in other 

words all treatments collect from drug release studies performed at pH=4 cause a 

significant decrease (p<0.05) on cellular viability which was clearly time-dependent.  
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Figure 75. Effect of broths, collected at 24h time point) from drug release studies 
(Amino Route) performed at pH 7, in cell viability. RAW 264.7 macrophages were 
exposed to broths during 18h, 1 day, and 3 days. Cell viability was assessed by 
MTT (a) and LDH assay (b). 

The cells exposed to broths collected from drug release studies performed at pH=7 

(Amino Figure 75, and Mercapto Figure 76) still showed low cellular viability low (>60-

70%) when compared to control, and was also time-dependent. Nonetheless the cellular 

viability when cells were exposed to broth collected at pH=7 was significantly higher 

(p<0.01) than the one observed for pH=4 ( 

Figure 77). For this reason, only broth collected at pH=6 and 7 were tested on the cells. 
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Figure 76. Effect of broths, collected at 24h time point, from drug release studies 
(Mercapto Route) performed at pH 7, in cell viability. RAW 264.7 macrophages 
were exposed to broths during 18h, 1day, and 3 days. Cell viability was assessed 
by MTT (a) and LDH assay (b). 
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Figure 77. Comparison of broths effect on cell viability, when collected from drug 
release studies performed at pH 4 and 7 for (A) amino and (B) mercapto routes. 
RAW 264.7 macrophages were exposed to 24h time point broths during 18, 24, and 
72 hours. Cell viability was assessed by MTT assay. 

Culture media change: From RPMI to DMEM Media  
As a next step in this study, the NO production in LPS-activated cells was measured. 

Although initially we didn’t get reproducible data, because RPMI 1640 medium (RPMI) 

has calcium nitrate in its composition (0.1g/L), which altered the levels of NO measured. 

This originated erratic results, where control cells (cells only exposed to media) showed 

higher NO production than LPS activated cells. Therefore, we decided to grow cells in 

DMEM media, which is known to have undetectable levels of nitrate. The nutrient content 

and concentrations, which vary in different culture media, are known to regulate 

physicochemical and physiological parameters of cells, such as growth (Iloki Assanga et 

al. 2013). Previous studies (Cohly et al. 2001, Kawakami et al. 2016) have shown that 

activation of various macrophages was influenced by culture medium. Particularly, 

Kawakami and co-workers (2016) showed that the NO production and iNOS expression 

in LPS-activated macrophages were remarkably different when different culture media, 
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F-12 and DMEM, were utilized. As previously reported (Talorete et al. 2006) the culture 

medium type has a significant effect on MTT reduction, particularly when it is used to 

measure cytotoxicity. For this reason, we decided to repeat all the cellular viability 

experiments, previously done with RPMI media for dexamethasone, with and without 

LPS. 

DEXAMETHASONE 
Therefore, the cellular viability of DMEM-cultured Raw macrophages when exposed to 

DEX was assessed (Figure 78). Methylthiazolyl Tetrazolium (MTT) assay (Figure 78.a), 

and Lactase dehydrogenase assay (LDH release) (Figure 78.b) were used as indicators 

of cellular viability.  

18 24 48 72

Figure 78. Effect of dexamethasone in cell viability. RAW 264.7 macrophages were 
exposed to range of concentrations between 3.9 and 100 μg/mL during 18h, 1day, 
2 days and 3 days. Cell viability was assessed by MTT (a) and LDH assay (b).  
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Based on MTT assay, results show that exposure to dexamethasone concentrations up 

to 20 µg/mL during 72h exposure, did not show to considerable/significant (p>0.05) 

decrease the cellular viability of Raw 264.7 cells. The cellular viability observed for these 

concentrations was very close to values observed for the control. 

On the other hand, higher concentrations of DEX, such as 40, 60 and 100 µg/mL, show 

to affect cellular viability in a significant way (p<0.05). Where the higher decrease on 

cellular viability, 20% when compared to the control, was observed after 72h, when cells 

were exposed to a dexamethasone concentration of 100 µg/mL. Moreover, after 24h 

exposure, macrophages show an increase on cell viability when compared to control 

(Figure 78.a). These differences in cell viability were not verified in the LDH assay (Figure 

78.b). Results obtained with LDH assay, show that when exposed to all dexamethasone 

concentrations (3.9-100 µg/mL), macrophages release only release significant (p<0.05) 

amounts of LDH after 48h exposure. Therefore, as MTT assay allowed detecting more 

alterations on cellular viability than the measure of LDH release, the results presented 

herein for cell viability after treatments with broths and LPS were obtained by MTT assay. 

Regarding these differences observed for cell viability measured by MTT and LDH, the 

same results were reported by other authors (Pinho et al., 2011) where Raw 264.4 cells 

were exposed to DEX. Thus, showing that MTT assay is more sensitive in detecting 

alterations on cells survival than the measure of LDH release.   

Figure 79. Effect of dexamethasone in cell viability of LPS-activated cells. RAW 
264.7 macrophages were exposed to range of concentrations between 3.9 and 100 
μg/mL and also to LPS (1µg/mL) during 18h, 1day, 2 days and 3 days. Cell viability 
was assessed by MTT assay. 
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NO production inhibition  
By the second year of the PhD (August-October 2016), we had to discard the Raw 264.7 

cells, because they stopped producing nitric oxide. Before discarding the cells, we tried 

to understand what was beyond the lack of NO production. Initially, the LPS activation 

experiment was repeated by starting to stimulate the cells with different concentrations 

of LPS to see how the cells reacted. Results obtained from this experiment (Figure 80). 

show that the amount of NO measured (µM/mL) was the same for LPS-activated cells (1 

or 0.5µg/mL) or untreated cells (control) for all time points. 

Figure 80. Nitric oxide (NO) production upon exposure to LPS during 18h, 24h, 48h 
and 72h.  

Our next step was to measure the amount of NO on nitrite standard solutions (10 and 20 

µM/mL), to assess if the Griess Reagent kit was still working (data not shown). We also 

tested the cells for mycoplasma (data not shown). The results obtained showed that both 

hypothesis was wrong, cells were not contaminated by neither mycoplasma or the Griess 

reagent was not working. As reported previously (Lai et al. 2014, Tweedie et al. 2009a) 

, we know that when exposed to LPS, macrophages (M0) undergo classical activation, 

where they differentiate into M1 macrophages. The classical activated M1 macrophages 

produce pro-inflammatory cytokines and also activate iNOS pathway, which is essential 

for generating NO molecule (Bogdan 2001, Kawakami et al. 2016). In contrast, when 

macrophages are exposed to anti-inflammatory stimulus, such as IL-4 or transforming 

growth factor β (TGF-β) (Gong et al. 2012, Oida & Weiner 2010), they undergo an 

alternative activation and become polarized into M2 macrophages. Being anti-

inflammatory, these macrophages produce anti-inflammatory cytokines, which cause an 

increased expression of Arginase-1, an enzyme which competes with iNOS for a 

common limiting substrate L-arginine. So macrophage polarization states will depend on 
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the induction of iNOS (M1) or Arginase-1 (M2), which compete for the same L-arginine 

substrate (Mills & Ley 2014). Therefore, our hypothesis was that the batch of fetal bovine 

serum (FBS) had significant amounts of TGF-β (anti-inflammatory cytokine), which 

hindered the M1 polarization, and thus inhibited the macrophages ability to produce NO 

in response to LPS. This hypothesis is consistent with other studies (Haak-Frendscho et 

al. 1990, Hausmann et al. 1994), which also reported the inhibitory effect of TGF- β on 

iNOS mRNA expression/NO production by LPS-activated Raw 264.7 cells. 

B. Complementary Images 

HPLC calibration curve for DEX 
To evaluate the concentration of DEX in the samples collected, a calibration curve of the 

HPLC detection of DEX was obtained (Figure 81). Briefly, a standard calibration curve 

was obtained by plotting the concentration (µg/mL) of standard DEX versus peak area 

(mAu). To prepare the standards, a stock solution of DEX (1mg/mL) was diluted to a 

range of concentration between 0.4 and 25 µg/mL. Results are presented as the average 

and standard deviation of three samples. 

 Figure 81. DEX standard calibration curve for different DEX concentrations (0-500 
µµg/mL) 
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Calibration curve for Nitric oxide (NO) 
A standard calibration curve to quantify nitrite concentration on biological samples was 

generated using sodium nitrite (NaNO2) as an external standard. 

Figure 82 Standard curve for nitrite (NO2
-) (colorimetric): mean of triplicates (+/-SD) with 

background readings subtracted. 

Calibration curve for tumour necrosis factor alpha (TNF-α). 

Figure 83. Standard curve for murine tumour necrosis factor alpha (TNF-α). 
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Raw 264.7 Cell Studies 

Figure 84. Effect of filtered and non-filtered broths, collected from drug release 
studies (LbL Route) performed at pH 6, in cell viability. RAW 264.7 macrophages 
were exposed to broths during (A) 18h, (B) 24h, (C) 48h and (D) 72 hours. Cell 
viability was assessed by MTT assay. 
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Figure 85. Effect of filtered and non-filtered broths, collected from drug release 
studies (LbL route) performed at pH 7, in cell viability. LPS-activated-RAW 264.7 
macrophages were exposed to (A) 18h, (B) 24h, (C) 48h and (D) 72 hours. Cell 
viability was assessed by MTT assay. 

Figure 86. Nitric oxide (NO) production upon exposure to different LPS 
concentrations (0.1-1µg/mL range) prepared from fresh and frozen LPS stock 
solution during 18, 24, 48 and 72 hours. 



191 

Figure 87. Cellular viability of Raw 264.7 macrophages without (A.) and with (B.) 
LPS (1µg/mL) during 18, 24, 48 and 72 hours-exposure was assessed by MTT 
assay, when different cell densities were utilized.  
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Figure 88. Effect of LPS in Raw 264.7 cell viability was observed under inverted 
microscopy. 
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Figure 89. Effect of different concentrations of acetate, buffer utilized for drug 
release studies, with LPS in cell viability. RAW 264.7 macrophages were exposed 
to range of acetate buffer (pH=6) concentrations (10-100%) diluted in DMEM media, 
during 18, 24, 48 and 72 hours.  Study done with 2 x10^4 cells /well + DMEM. Final 
graphs n=2 



193 

Figure 90. The effect of LPS (1 μg/mL) on the cellular viability of Raw 264.7 
macrophages during 24, 48 and 72 hours-exposure was assessed by inverted 
microscopy, when different cell densities A (2x10^4 cells/well) and B (2.5x10^4 
cells/well) were utilized. 
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Figure 91. Effect of DEX released from functionalised-TiO2 particles (amino and 
mercapto route) in NO production (µµM/mL) in RAW 264.7 macrophages. Cells were 
exposed to broths collected at 24hours from drug release studies performed at 
pH=6 (A) and pH=7 (B) during 18, 24, 48 and 72 hours. 
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Figure 92. Effect of DEX released from functionalised-TiO2 particles (amino and 
mercapto route) in TNF-α production (pg/mL) in RAW 264.7 macrophages. Cells 
were exposed to broths collected at 24hours from drug release studies performed 
at pH=6 during 18, 24, 48 and 72 hours. 

Figure 93. Effect of DEX released from functionalised-TiO2 particles (LbL route) in 
nitric oxide (NO) production (µµM/mL) in RAW 264.7 macrophages. Cells were 
exposed to broths collected from drug release studies performed at pH=6 (A,B) 
and pH=7 (C,D), from particles surrounded by 0 layers and 4 layers during 18, 24, 
48 and 72 hours. Broths used to treat the cells were collected at different time 
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points to assess the effect of DEX released after (A, C) 24h and 48h (24h 0 and 4 
layers, 48h 0 and 4 layers), and 72h and 2W (72h 0 and 4 layers, 2 W 0 and 4 layers).

Figure 94. Effect of DEX released from functionalised-TiO2 particles with 0 and 4 
layers in TNF-α production (pg/mL) in RAW 264.7 macrophages. Cells were 
exposed to broths collected at 24h, 48h (A) or to 72h and 2 weeks (B) from drug 
release studies performed at pH=6 during 18, 24, 48 and 72 hours. 



197 

Figure 95. FT-IR spectra for different steps of TiO2 nanoparticles functionalisation 
using amino route: bare-TiO2 particles (---), amino-functionalised TiO2 particles (--
-), carboxyl-functionalised TiO2 particles (---), and DEX-loaded TiO2 particles (---).  

Figure 96. FT-IR spectra for different steps of TiO2 nanoparticles functionalisation 
using mercapto route: bare-TiO2 particles (---), mercapto-functionalised TiO2

particles (---), carboxyl-functionalised TiO2 particles (---), and DEX-loaded TiO2

particles (---). 
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Figure 97. FT-IR spectra for pure Dexamethasone powder. 

C.  Particles Characterisation 

Energy dispersive spectrometer (EDS) 
Backscattered electron images in the scanning electron microscopy (SEM) display 

different compositional contrast that results from different atomic number elements and 

their distribution. On the other hand, the X-rays, which result from the electron beam 

interaction with the sample are simultaneous detected by an energy Dispersive detector 

which displays the signal as a spectrum of intensity versus X-ray energy, proving 

information on the chemical composition of the sample. Therefore, imaging by combined 

SEM/EDS allowed the analysis of the surface of functionalised-TiO2 particles and in-

depth information regarding chemical composition. Although EDS is not considered a 

surface analysis technique, it can be used in semi-quantitative mode to determine 

chemical composition of functionalised participles by peak-height ratio relative to a bare 

TiO2 particles (Figure 98.). The EDS analyses for different functionalised particles 

obtained via amino and mercapto routes are respectively shown in Figure 99 and Figure 

100 
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Figure 98. Energy Dispersive X-ray spectroscopy (EDS) performed on the bare-
TiO2 particles. 

For amino route (Figure 99) after amino-functionalisation, the particles seem to be mainly 

composed of Si (Silicon), in contrast to the bare TiO2 particles which mainly consist of Ti 

and O, i.e. titania. Silicon peak might suggest the presence of amino-silane (APTS) on 

the particles surface. As for carboxyl-functionalised particles, unexpectedly the Ti peak 

is higher, when compared to amino-functionalised particles, Regarding, DEX-loaded 

functionalised TiO2 particles, the Si, Ti and O peaks are smaller when compared to 

carboxyl-functionalised particles, although the drug coating must be too thin for 

unambiguous detection by EDS. For mercapto route (Figure 100), after mercapto-

functionalisation, new Si (Silicon) and S (Sulphur) peaks are observed, in contrast to the 

bare TiO2 particles which mainly consist of Ti and O, i.e. titania. The sulphur and silicon 

peaks may indicate the presence of mercapto-silane on particles surface. Although, for 

carboxyl-particles no visible differences were observed when comparing them with 

mercapto-functionalised particles. On the other hand, dexamethasone-loaded TiO2 

particles, the S peak disappeared suggesting mercapto group (SH) was replaced by 

other groups. As all characterisation techniques, EDS has limitations in terms of analysis. 

It does not accurately detect the presence of light elements (Z<11), such as Nitrogen (for 

amino group), and fluorine (for DEX) are not identified even though they are present in 

the sample. The use of a more sensitive technique, such as XPS, could solve this 

problem. 
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Figure 99. Energy Dispersive X-ray spectroscopy (EDS) (A) and Scanning Electron 
Microscopy (SEM) (B) performed on the functionalised-TiO2 particles obtained by 
Amino route. From left to right, amino-TiO2 and succinilated-TiO2 particles, and 
Dex-loaded-TiO2 conjugated particles.  
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Figure 100. Energy Dispersive X-ray spectroscopy (EDS) (A) and Scanning 
Electron Microscopy (SEM) (B) performed on the functionalised-TiO2 particles 
obtained by Mercapto route. From left to right, mercapto-TiO2 and succinilated-
TiO2 particles, and Dex-loaded-TiO2 conjugated particles. 
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Fourier Transformed infra-red spectroscopy  

Figure 101. FT-IR spectra for different steps of TiO2 nanoparticles functionalisation 
using amino route: bare-TiO2 particles (---), amino-functionalised TiO2 particles (--
-), carboxyl-functionalised TiO2 particles (---), and DEX-loaded TiO2 particles (---).  

Figure 102. FT-IR spectra for different steps of TiO2 nanoparticles functionalisation 
using mercapto route: bare-TiO2 particles (---), mercapto-functionalised TiO2

particles (---), carboxyl-functionalised TiO2 particles (---), and DEX-loaded TiO2

particles (---). 
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Figure 103. FT-IR spectra for pure Dexamethasone powder. 

Figure 104. FTIR spectra for pure (powder form) alginate (---).  
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Figure 105. FTIR spectra for pure (powder form) chitosan (---).  
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D. Additional information 

Honor/Awards 

 April 2017: “Dexamethasone-loaded TiO2 nanoparticles to locally target wear-

debris induced inflammation” was awarded with the best lecture at Postgraduate 

Research day, organized by the School of Pharmacy & Pharmaceutical Science, 

Cardiff University. (28th April) 

 December 2016: Travel grant from British Council Researcher Links and Newton 

Fund was awarded to attend to Researcher Links Workshop: Healthcare 

Technologies for Aging Populations in Chengdu, China. 

 May 2016: Sponsorship from Research & Engagement Committee of the School 

of Pharmacy & Pharmaceutical Science (Cardiff University) for attending to the 

10th World Biomaterials Congress, Montréal, Canada 17th- 22th May. 

 April 2016: “Dexamethasone-loaded TiO2 nanoparticles to locally target wear-

debris induced inflammation” was awarded with the best poster prize at 

Postgraduate Research day, organized by the School of Pharmacy & 

Pharmaceutical Science, Cardiff University. (6th April). 

 May 2015: Sponsorship from Research & Engagement Committee of the School 

of Pharmacy & Pharmaceutical Science (Cardiff University) to purchase a Fourier 

transformed Infrared spectroscopy(FITR) for the PhD students of Pharmacy & 

Pharmaceutical Sciences School 

Published work 

To date I have published 1 paper, and co-authored one book chapter and two reviews: 

 "Hollow chitosan/alginate nanocapsules for bioactive compound delivery" 

in International journal of biological macromolecules (2015), Volume 76, pp 95-

102. 

  “Edible Bio-Based Nanostructures: Delivery, Absorption and Potential Toxicity” 

in Food Engineering Reviews (2015), Volume 7, Issue 4, pp 491-513.  

 “Design of bio-nanosystems for functional compounds delivery” in Food 

Engineering Reviews (2014), Volume 6, Issue 1, pp 1–19 

 "Flavouring and coating technologies for preservation and processing of foods" 

in Conventional and advanced food processing technologies (2013).  
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Poster and Oral Presentations 

 “Anti-inflammatory drug-eluting joint replacement: model system “. Oral 

presentation at Researcher Links Workshop: Healthcare Technologies for Aging 

Populations in Chengdu, China (December 2016) 

 “Dexamethasone-loaded TiO2 nanoparticles to locally target wear-debris induced 

inflammation”. Frontiers. Bioeng. Biotechnol. Conference Abstract: 10th World 

Biomaterials Congress (May 2016). 

Teaching and Supervision 

 March 2015 - November 2016: Teaching and Demonstrating by working as an 

assistant of lecturers of Pharmacy School and Cardiff Medical School (Health 

simulating center) in three different areas:  Training (Blood pressure 

measurement, Inhalers utilization and technique, Basic Life support and 

Cardiopulmonary resuscitation (CPR), help with different courses such as 

Standard operation procedures and monograph preparation lecturers. 

 October 2014 – January 2014: Co-supervisor of Pharmacy graduate student
on final project “Preparation and characterization of Titanium-based 

nanoparticles loaded with anti-inflammatory drugs” 

Networking and Collaboration evidence 

 March 2016 –Ongoing: Committee member of Cardiff Institute of Tissue 

Engineering and Repair (CITER). CITER is an internationally recognized center 

of excellence in the field of tissue repair, regeneration and rehabilitation focusing 

on interdisciplinary research, education and clinical practice. 

 May 2016: Volunteer organization member of 10th World Biomaterials Congress, 

Montreal, Canada 17-22th May. The skills and dedication of volunteers greatly 

contribute to the overall quality of the conference. This role was a great 

opportunity to meet, interact and network with a multicultural team of students 

from all over the world that share a common interest in Biomaterials.  

 December 2014- May 2015: Organization member of Annual Speaking of 

Science Conference, 9th May 2015. This conference provides a valuable 

opportunity for postgraduates to give talks and posters across a wide range of 

subjects and disciplines. This forces them to simplify complex research ideas for 

a general audience and as a result the participating delegates discover the 

essence of research being undertaken across the scientific schools. 



207 

 March 2014 – Ongoing: Post Graduate Staff Student Panel (SPSS) of Pharmacy 

and Pharmaceutical Sciences School. The SSP responsibilities include helping 

with the induction event, welcome party and research day. We also discuss any 

issues that arise in the postgraduate community and make suggestions to 

enhance the post-graduated research experience. 


